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ABSTRACT
A three part investigation into the effects of riparian reforestation on small streams
demonstrated the timing, nature, and processes of morphologic change. First,
measurements of two small streams in northeastern Vermont collected in 1966 and
2004 – 2005 documented considerable change in channel width following a period of
passive reforestation. Channel widths of several tributaries to Sleepers River were
measured in 1966 when the area had more non-forested riparian vegetation than today.
A longitudinal survey in 2004 of two of these tributaries, followed by detailed
measurements at specific reaches in 2005, provided information on channel size, large
woody debris (LWD), and riparian vegetation. Reforested reaches have widened and
incised markedly since 1966. Reaches with the oldest forest were widest for a given
drainage area, and the non-forested reaches were substantially narrower. A conceptual
model was developed that describes a multi-phase process of incision, widening, and
recovery following riparian reforestation of non-forested areas.
Second, a fixed-bed hydraulic model of one of the streams was developed to evaluate
the impact of forested riparian vegetation on near-bank turbulence during overbank
flows. Flume experiments with kinematic similitude and a 1:5 scale represented half a
channel and its floodplain, mimicking the size of a non-forested reach. Two types of
vegetation were simulated: non-forested, with synthetic grass carpet; and forested,
where wooden dowels were added. Three-dimensional velocities were measured with
an acoustic Doppler velocimeter. Velocities, turbulent kinetic energy (TKE), and
Reynolds shear stress showed significant differences between forested and non-forested
runs. Forested runs exhibited a narrow band of high TKE in the near-bank region that
was roughly two times greater than in non-forested runs. Hydraulic characteristics of
forested runs appear to create an environment with higher erosion potential, thereby
indicating a possible driving mechanism for channel widening in reforesting stream
reaches.
Third, Light Detection and Ranging (LiDAR) data from Chittenden County were
analyzed to develop a method capable of classifying riparian buffers into broad classes
according to forest type and age. The geospatial characteristics of the LiDAR data in
forested areas were explored using semivariogram analysis, and LiDAR-based metrics
were derived in a geographic information system (GIS) to quantify vegetation height
and variance. The LiDAR-based metrics were then used in two discriminant analysis
procedures that distinguished: 1) forest type as deciduous or coniferous; and 2) forest
age in four age classes. With the resulting linear discriminant functions, a GIS-based
classification method was developed. The classification method was highly successful
at determining forest type but only moderately successful at determining forest age.
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CHAPTER 1: INTRODUCTION
1.1. Motivation
I frequently find myself in conversations that reflect the prevalence of riparian
restoration, such as:
“So, what do you do?”
“I am a PhD student in environmental engineering.”
“Hmmm. What are you studying?”
“I’m looking at the effects of riparian vegetation on streams.”
“Ri-par-i-an?”
“Riparian just means streamside. My work is related to stream restoration.”
“Oh sure, my daughter and I were helping plant trees on the (insert river name) last summer!”

Restoration of riparian, or streamside, forests is practiced throughout the
United States from the Chesapeake Bay to the Pacific Northwest, and forested riparian
buffers are widely recognized for improving water quality and stream ecosystems. One
example is the Chesapeake Bay Program’s initiative to restore riparian forests along
3,234 km (2010 mi) of stream by the year 2010 (Palone and Todd, 1997). When the
Bay Program achieved this goal ahead of schedule in 2002, the goal was increased to
16,093 km (10,000 mi) by 2010 (Chesapeake Bay Program, 2005). Another example is
the federal Conservation Reserve Enhancement Program, a voluntary agricultural land
retirement program, which has provided incentives leading to over 3200 km2 of
replanted riparian buffers nationwide since 1997 (U.S. Department of Agriculture,
2007). Riparian forest restoration has been identified as a successful tool for improving
stream ecosystems through filtering of pollutants (Berg et al., 2003; Herson-Jones et al.,
1

1995), and regulating nutrient, light and temperature regimes, physical habitat, and the
food/energy base (Berg et al., 2003; Gregory et al., 1991; Sweeney, 1992; Sweeney et
al., 2004).
Perhaps less well known is that riparian vegetation exerts a strong influence on
stream channel morphology. Studies from different geographic locations indicate that
stream reaches with riparian forests are wider than those with adjacent grassy
vegetation (Allmendinger et al., 2005; Davies-Colley, 1997; Hession et al., 2000; 2003;
Murgatroyd and Ternan, 1983; Peterson, 1993; Roy et al., 2005; Sweeney et al., 2004;
Trimble, 1997; Zimmerman et al., 1967). However, other studies suggest that widths of
streams through grassland are generally greater than those through forest (Charlton et
al., 1978; Gregory and Gurnell, 1988; Hey and Thorne, 1986; Rosgen, 1996). These
seemingly incongruent findings indicate several needs. First, differences in past
research might be explained with a better understanding of the driving mechanisms
responsible for differences in channel size as a function of riparian vegetation (e.g., a
need for process-based research). Second, taken together the aforementioned studies
imply that riparian reforestation could cause a change in channel width (i.e., either
narrowing or widening) with unknown consequences for the sediment load to receiving
water bodies (e.g., a need for long-term monitoring). Third, a basic understanding of
the interrelationships between riparian vegetation and channel processes is needed for
appropriate channel habitat design criteria in the field of stream restoration (Newson
and Newson, 2000). Stream restoration professionals need to be aware of the potential
long-term effects of riparian reforestation on channel morphology.
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This research was a unique opportunity to capitalize on a set of historic data
from the Sleepers River Research Watershed (SRRW) in Danville, Vermont. A study of
small streams in the SRRW by Zimmerman et al. (1967) was one of the first to
document the influence of riparian forests on channel form. I revisited these streams to
assess channel evolution over a 40-year time period. Because the field investigation at
Sleepers River essentially amounted to a case study of two streams, a laboratory-based
flume experiment helped to provide a more general perspective on some of the effects
of riparian vegetation in small steams. Additionally, I attempted to use remotely-sensed
data to test for the effects of riparian vegetation on channel size at a much broader
geographic scale. As a result, the study had three main components: a field
investigation, a physical model, and a remote-sensing analysis.
1.2. Objectives
The goal of this research was to study the geomorphic processes by which
riparian vegetation influences the channel size of small streams. There were two main
objectives: 1) to investigate changes in channel geometry as a function of the change in
riparian vegetation over time; and 2) to explore the driving mechanisms responsible for
differences in channel size associated with forested and non-forested riparian
vegetation. The hypotheses related to these objectives were four-fold.
Hypothesis 1: Reforestation of formerly non-forested riparian zones in small
streams results in channel widening. Given forested stream reaches are wider than nonforested stream reaches in small systems, streams flowing through recently reforested
riparian zones are in a transition from a narrow form to a wider form.
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Hypothesis 2: Turbulence generation from streamside trees and large woody
debris (LWD) locally widens small forested stream reaches. Flow separation from tree
trunks and LWD along forest stream reaches creates localized turbulence generation
and scour that increase channel width.
Hypothesis 3: The rate of channel widening in small streams is not constant
through time and is directly related to the age of the riparian forest. Channel widening
following riparian reforestation starts slowly but accelerates when a mature forest can
provide LWD and canopy shading, the presumed key components for initiating channel
widening via scouring and bank weakening.
Hypothesis 4: The size and frequency of bankfull discharges are equivalent in
contiguous reaches with forested or non-forested riparian vegetation. Because smallersized non-forested reaches (i.e., a smaller cross-sectional area) must convey a similar
discharge regime as larger-sized forested reaches, differences in channel capacity are
not attributable to a difference in discharge.
1.3. Literature Review
1.3.1. Vegetation and channel morphology
Riparian vegetation exerts a significant influence on stream channel
morphology, but results of previous studies conflict about the effects of that influence.
Data from several geographic locations indicate that small forested stream reaches are
consistently wider than contiguous deforested, grass bordered, or meadow reaches
(Allmendinger et al., 2005; Davies-Colley, 1997; Hession et al., 2000; 2003;
Murgatroyd and Ternan, 1983; Peterson, 1993; Roy et al., 2005; Sweeney et al., 2004;
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Trimble, 1997; Zimmerman et al., 1967). However, others suggest that the widths of
streams through grassland are generally greater than those through forest (Charlton et
al., 1978; Gregory and Gurnell, 1988; Hey and Thorne, 1986; Rosgen, 1996). These
disagreements are likely due to site-specific differences such as the type and density of
vegetation, soil conditions, flow and sediment regimes, slope, geologic setting, stream
size, disturbance history, and drainage characteristics (Montgomery, 1997). A recent
study suggests that the effect of riparian vegetation on channel width is scaledependent, such that in large drainages, greater than 10 to 100 km2, widths are narrower
when thick woody vegetation is present and in smaller drainages the opposite effect is
observed (Anderson et al., 2004).
Inferences about the geomorphic processes responsible for the observed channel
geometry differences are varied. Zimmerman et al. (1967) attributed the wider channels
in forested stream reaches to be primarily due to LWD and local scouring. DaviesColley (1997) hypothesized that when a riparian forest is cleared, grasses are able to
grow on the gravel bars in the channel, the bars become more stable, and the channel
becomes narrower. Grassy vegetation can also create a thick mat of dense roots that
may make some banks (or parts of the bank) more resistant to erosion from fluvial
entrainment (Abernethy and Rutherfurd, 1998; Davies-Colley, 1997; Huang and
Nanson, 1997; Trimble, 1997). Allmendinger et al. (2005) found that rates of
deposition and lateral migration are both higher in non-forested reaches than in forested
reaches. They suggested that the differences in width between forested and nonforested reaches were related to a balance between rates of cut bank erosion and rates
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of deposition on active floodplains (Allmendinger et al., 2005). Few studies attempt to
monitor these types of transitional responses to changes in riparian vegetation over
time; however, a recent study in New Zealand evaluated channel response in streams
restored with buffers planted 2 to 24 years prior to the study (Parkyn et al., 2003).
These researchers did not find a significant difference in channel width between
forested and control reaches, and they suggested that the plantings were too young for
widening to have begun (Parkyn et al., 2003).
To date, the underlying geomorphic processes and mechanisms that drive
transitions and maintain differences in channel form between forested and non-forested
stream reaches are not well understood. Previous studies have implied that riparian
reforestation will cause channel widening. Researchers have speculated that widening
will result from two main effects: 1) the suppression of grassy and understory
vegetation on the banks and within channels with a closed canopy (Davies-Colley,
1997; Murgatroyd and Ternan, 1983); and 2) local scouring from LWD (Murgatroyd
and Ternan, 1983; Trimble, 1997; Zimmerman et al., 1967). Other potentially important
factors include the frequency of freeze-thaw cycles, root density, rooting depth, and
root-soil interactions (Abernethy and Rutherfurd, 1998; Anderson et al., 2004;
Dunaway et al., 1994; Simon and Collison, 2002; Stott, 1997; Zimmerman et al., 1967).
Previous research suggests that the relationships among riparian vegetation, soil
conditions, and bank erosion are complex and that the presence of grassy vegetation
might not ensure bank stability for several reasons. First and foremost, bank erosion is a
multi-faceted process that remains poorly understood (ASCE, 1998). Although riparian
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vegetation plays an important role in bank erosion processes, the stability of any given
streambank is also a function of the bank’s geometry, soil and geotechnical properties,
pore-water pressures, and subaerial processes such as freeze-thaw and wetting-drying
cycles (Thorne, 1990). Grassy riparian vegetation can potentially reinforce streambanks
from the tensile strength of interlocking roots (Thorne, 1990); however, grassy
vegetation may introduce destabilizing effects such as wet soil conditions and shallow
rooting depths (Simon and Collison, 2002). The effect of grassy vegetation on bank
stability is further complicated by differences between species (Micheli and Kirchner,
2002; Simon and Collison, 2002), interaction effects with different soil types (Dunaway
et al., 1994), and the influence of channel size and the corresponding dominant erosion
processes (Abernethy and Rutherfurd, 1998).
Considerable research into the hydraulic and geomorphic effects of LWD
supports the idea that local scouring near LWD might promote channel widening;
however, previous studies have not specifically focused on the role of LWD in a
reforesting stream. LWD can act as local hydraulic controls and redirect flow over
decades and possibly centuries (Abbe and Montgomery, 1996). LWD locally influences
scour through the creation of locally intense turbulence along the margins of wake
zones below the obstructions (Daniels and Rhoads, 2003). LWD positioned across a
channel increased bank erosion and local channel width, while LWD stabilized banks
when oriented parallel to the channel (Swanson and Lienkaemper, 1978; Bryant, 1980;
Marston, 1982). In a Vermont study, LWD accumulations created a local increase in
both active and bankfull width above and below the obstructions (Thompson, 1995).
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Because the recovery time for LWD loading following a disturbance such as logging
may be as long as 150 to 200 years in small streams (Likens and Bilby, 1982), a
channel may respond to the flux of LWD for a similar length of time. If scour around
LWD is one of the key driving mechanisms for channel widening in reforested stream
reaches, then it may take centuries for those reaches to regain an equilibrium channel
width.
In previous studies concerning the impacts of forested versus non-forested
vegetation on channel morphology, a very important assumption was made explicitly or
implicitly – the bankfull or effective flow of the stream reaches was not different due to
the type of vegetation on the channel banks (Davies-Colley, 1997; Hession et al., 2003;
Sweeney et al., 2004; Trimble, 1997; Zimmerman et al., 1967). In other words, a
smaller, non-forested stream reach must pass flows similar to its larger, forested
counterpart given all other characteristics are equivalent (e.g. drainage area, soils, land
cover, geology, climate). Estimates of hydraulic roughness indicate that non-forested
reaches are significantly smoother than forested reaches, which may make it possible to
convey equal flows through a smaller non-forested channel (Sweeney et al., 2004).
However, to our knowledge, no one has attempted to directly address the issue of
bankfull discharges – whether they are the same, or whether they possibly have
different channel-forming discharges depending on the type of riparian vegetation in
place.
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1.3.2. Flume studies
Physical models of rivers were used for more than a century to study distinct
geomorphic processes or features under controlled experimental conditions (Schumm et
al., 1987). Flume studies are designed to investigate channel hydraulics, sedimenttransport relations, and morphologic evolution (Thompson and Wohl, 1998). A flume
study offers the advantages of a completely controlled experimental environment where
the hydraulic forces and channel response can be isolated and where some of the
complications of field-based work are avoided. Other advantages of flume experiments
include easy experimental replication, an accelerated time scale, cost-effectiveness, and
physical manageability (Thompson and Wohl, 1998).
Several flume studies have investigated the hydraulic and geomorphic effects of
vegetation including studies of drag coefficients with submerged vegetation (Garcia et
al., 2004), changes in channel planform and dimensions (Bennett and Alonso, 2003;
Gran and Paola, 2001), and hydrodynamic behavior and flow resistance (Darby, 1999;
Naot et al., 1996; Nezu and Onitsuka, 2001; Pasche and Rouve, 1985). One study used
varying densities of alfalfa (Medicago sativa) to simulate forested riparian vegetation in
a physical model of a gravel-bedded, braided river (Gran and Paola, 2001). The
physical model demonstrated that the alfalfa vegetation reduced the number of active
channels, increased bank stability, and promoted narrower and deeper channels (Gran
and Paola, 2001). Gran and Paola (2001) suggested these results were due to the
sediment cohesion offered by the alfalfa roots and the increased roughness introduced
by the alfalfa stems along the bank edge. Additionally, bank stability and sediment
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cohesion offered by riparian grass vegetation was explored in a flume study where bank
samples were extracted from streambanks with different riparian plant communities and
soil textures ((Dunaway et al., 1994). This study demonstrated the complex and
interactive effects of plant communities and soil textures and that the presence of a
cohesive soil or a particular vegetation type would not ensure bank stability (Dunaway
et al., 1994).
1.3.3. LiDAR
Laser altimetry, or Light Detection and Ranging (LiDAR), is a relatively new
remote sensing technology used to collect detailed topographic information, as well as
the height of surface objects, at high density over large areas. The development of
LiDAR technology began in the late 1960s, but it wasn’t until 1993 that the first
commercial LiDAR topographic mapping system was available (NOAA, 2006).
Airborne LiDAR is a technique that uses a sensor mounted on a low-flying aircraft to
determine distances by simply recording the length of time required for an emitted laser
pulse to travel to and return from a target object (Lim et al., 2003). The LiDAR sensor
is integrated with an on-board global positioning system (GPS) and inertial
measurement unit (IMU) to provide accurate latitudes (x), longitudes (y), and
elevations (z) for target surfaces (Bowen and Waltermire, 2002). In general, sub-meter
accuracy can be achieved for x, y positions, and the vertical accuracy is approximately
15 cm (NOAA, 2006); however, the accuracy of the topographic surface derived from
LiDAR can be compromised in areas with highly variable terrain and dense vegetation
cover (Cobby et al., 2001). Applications of LiDAR technology are as diverse as estuary
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mapping (French, 2003), bird population modeling (Bradbury et al., 2005; Davenport et
al., 2000), and extra-terrestrial mapping (Kreslavsky and Head, 1999). In the field of
fluvial geomorphology, the most useful applications of LiDAR will likely include
topographic mapping and information on riparian vegetative cover.
Fluvial geomorphologists continue to explore the uses and advantages of
LiDAR data. LiDAR was successfully used within river corridors to generate
topographic information for geomorphology of streams and rivers (Bowen and
Waltermire, 2002; Charlton et al., 2003), and for floodplain delineation (Omer et al.,
2003), river cross-sectional analysis (Charlton et al., 2003), and mapping coastal
erosion patterns (Woolard and Colby, 2002). LiDAR may be able to estimate channel
dimensions remotely, offering a cost and time-savings advantage to traditional
surveying techniques (Bowen and Waltermire, 2002); however, LiDAR’s ability to
accurately represent the ground surface in river corridors may be compromised with the
presence of dense riparian vegetation, deep water, and large topographic relief
(Charlton et al., 2003; Cobby et al., 2001).
LiDAR has become a useful tool in the fields of forestry and ecology because of
its ability to estimate vegetation structural attributes (Lefsky et al., 2002). LiDAR data
has been used to estimate vegetation height, cover, canopy structure, leaf area index,
and aboveground biomass (Lefsky et al., 2002). Initial studies were often focused on a
single parameter, canopy tree height, and compared LiDAR heights with ground-based
estimates of canopy height (Naesset, 1997; Nelson et al., 1988; Nilsson, 1996). Other
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parameters such as stand volume and stand age class require more complex analysis of
LiDAR data.
1.4. Organization of the dissertation
This dissertation follows the journal article format. Presented herein are three
main chapters written and formatted for publication in peer-reviewed journals and
preceded by an introductory chapter that serves to integrate the total body of research.
Each main chapter is a stand-alone article containing its own abstract, introduction,
methods, results, discussion, and conclusion sections. Although all three articles
address the same motivation and objectives as described in section 1.2, together they
offer unique and disparate approaches to test related hypotheses.
Chapter 2 describes a field-based effort to examine the effects of riparian
reforestation on stream morphology over time, and it will be submitted to
Geomorphology. Chapter 2 is a case study of two streams (upper Pope Brook and an
unnamed tributary to Sleepers River, W12) in northeastern Vermont that were studied
in 1966, allowing for an unparalleled investigation into channel change over a 40-year
time span.
Chapter 3 explains the procedure and results of a flume experiment conducted at
the University of Vermont’s Hydraulics Laboratory. Under a highly controlled and
simplified environment, I simulated over-bank flooding in a kinematically-scaled
model of W12 to explore turbulence in reforested channels. Chapter 3 has been
published in Earth Surface Processes and Landforms.
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Chapter 4 details a method to remotely classify forested riparian zones in terms
of broad forest type and forest age classes using LiDAR and discriminant analysis. This
chapter represents an effort to expand the geographic scope of the research and explore
opportunities for future work by identifying riparian forests of different ages. Chapter 4
may be submitted to Remote Sensing of Environment.
Chapter 5 is a comprehensive summary of the entire body of research. It
integrates the results of the three research avenues and discusses future work.
Appendices provide additional descriptive details of the research that were too
lengthy or partially extraneous to be included in the main chapters. Appendix A
describes crest gage monitoring at W12 and provides results of 9 peak-flow events.
Appendix B lists the coordinates of the permanent cross-sections established at upper
Pope Brook and W12 and includes the cross-sectional plots from 2004 and 2005
surveys. Appendix C provides a detailed description of the steps performed in GIS to
classify riparian zones using LiDAR data. Appendix D describes an attempt to derive
channel dimensions from the Chittenden County LiDAR data that was deemed
unsuccessful.
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CHAPTER 2: RIPARIAN REFORESTATION AND CHANNEL CHANGE: A
CASE STUDY OF TWO SMALL TRIBUTARIES TO SLEEPERS RIVER,
NORTHEASTERN VERMONT, USA
2.1. Abstract
Measurements of two small streams in northeastern Vermont, collected in 1966
and 2004 – 2005, document considerable change in channel width following a period of
passive reforestation. Channel widths of several tributaries to Sleepers River in
Danville, Vermont, USA were previously measured in 1966 when the area had a
diverse patchwork of forested and non-forested riparian vegetation. Nearly 40 years
later, we remeasured bed widths and surveyed large woody debris (LWD) in two of
these tributaries, along 500 m of upper Pope Brook and along nearly the entire length (3
km) of an unnamed tributary (W12). Following the longitudinal survey, we collected
detailed channel and riparian information for 9 reaches along the same two streams.
Four reaches had reforested since 1966; 2 reaches remained non-forested. The other 3
reaches have been forested since at least the 1940s. Results show that reforested
reaches were significantly wider than as measured in 1966, and they are more incised
than all other forested and non-forested reaches. Visual observations, cross-sectional
surveys, and LWD characteristics indicate that reforested reaches continue to change in
response to riparian reforestation. The three reaches with the oldest forest were widest
for a given drainage area, and the non-forested reaches were substantially narrower.
Our observations culminate in a conceptual model that describes a multi-phase process
of incision, widening, and recovery following riparian reforestation of non-forested
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areas. Results from this case study may help inform stream restoration efforts by
providing insight into potentially unanticipated changes in channel size associated with
the replanting of forested riparian buffers in small streams.
2.2. Introduction
Restoration of streamside forests is a major focus of watershed initiatives
throughout the United States (National Reseach Council, 1992; U.S. Environmental
Protection Agency, 1999) and commonly accompanies in-stream restoration efforts.
One example is the Chesapeake Bay Program’s initiative to restore riparian forests
along 3,234 km (2010 mi) of stream by the year 2010 (Palone and Todd, 1997). When
the Bay Program achieved this goal ahead of schedule in 2002, the goal was increased
to 16,093 km (10,000 mi) by 2010 (Chesapeake Bay Program, 2005). Similarly, the
federal Conservation Reserve Enhancement Program (CREP), a voluntary agricultural
land retirement program, has provided incentives leading to over 3200 km2 of replanted
riparian buffers nationwide since 1997 (U.S. Department of Agriculture, 2007). Stream
restoration projects aimed at reconfiguring channels, protecting streambanks and
infrastructure, or in-stream habitat modifications often include riparian plantings to
supplement these activities (Bernhardt et al., 2005). Indeed, riparian forest restoration
has been identified as a successful tool for improving stream ecosystems through
filtering of pollutants (Berg et al., 2003; Herson-Jones et al., 1995), regulating
nutrients, light and temperature, and providing both physical habitat and the
food/energy base (Berg et al., 2003; Gregory et al., 1991; Sweeney, 1992; Sweeney et
al., 2004). Despite these benefits, the best treatment of streambanks remains uncertain,
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mostly concerning the role of riparian vegetation in modifying streambank erosion rates
and processes (Lyons et al., 2000; Montgomery, 1997; Trimble, 1997).
Riparian vegetation exerts important influences on stream channel morphology
that may vary depending on the type, density, and spacing of vegetation along a
channel, and the scale of the river (Anderson et al., 2004; Montgomery, 1997; Thorne,
1990). Riparian vegetation is highly varied, hindering simple quantification; however,
many studies have shown distinct differences in morphology resulting from two broad
types of vegetation: forests and grasslands. Most studies from widely different
geographic locations indicate that stream reaches with riparian forests are wider than
those with adjacent grassy vegetation (Allmendinger et al., 2005; Clifton, 1989;
Davies-Colley, 1997; Hession et al., 2000; 2003; Murgatroyd and Ternan, 1983;
Peterson, 1993; Roy et al., 2005; Scarsbrook and Halliday, 1999; Sweeney, 1992;
Sweeney et al., 2004; Trimble, 1997; Zimmerman et al., 1967). In contrast, a few other
studies suggest that widths of streams through grassland are generally greater than
those through forest (Charlton et al., 1978; Gregory and Gurnell, 1988; Hey and
Thorne, 1986; Rosgen, 1996). The aforementioned studies have categorized riparian
vegetation in unique ways, so it can be challenging to make generalized conclusions.
These apparently contrary findings may be partially explained by a scale-dependent
effect of riparian vegetation, such that in large drainages (i.e., greater than 10 to 100
km2), widths are narrower when thick woody vegetation is present, and in smaller
drainages, the opposite effect is observed (Anderson et al., 2004).
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Ideas about the geomorphic processes responsible for the observed channel
width differences are varied and remain untested. Zimmerman et al. (1967) attributed
the wider channels in forested stream reaches to local scouring around LWD, debris
dams, or at stream-side tree-throw locations. They surmised that grass roots in nonforested reaches reinforced streambanks and encroached more rapidly on the channel
during periods of low flow than roots from trees or understory plants in the forest
(Zimmerman et al., 1967). Subsequently, Murgatroyd and Ternan (1983) found more
active bank erosion in forested reaches than in non-forested reaches, which they
attributed primarily to the loss of a thick grass turf, and secondly to scour around log
jams and debris dams. Davies-Colley (1997) hypothesized that when a riparian forest is
cleared, grasses are able to grow on the gravel bars in the channel, making the bars
more stable and narrowing the channel. In the same year, Trimble (1997) proposed that
wider forested channels were unstable and that narrower non-forested channels more
efficiently trapped sediment causing channel narrowing. The influence of riparian
vegetation on stream-bank stability is complex, highly variable, and a broader topic
with its own body of literature (Abernethy and Rutherfurd, 1998; Dunaway et al., 1994;
Gray and MacDonald, 1989; Montgomery, 1997; Pollen et al., 2004; Rutherfurd and
Grove, 2004; Simon and Collison, 2002; Stott, 1997; Thorne, 1990; Wynn and
Mostaghimi, 2006). Recently, Allmendinger et al. (2005) found higher rates of
deposition and lateral migration in non-forested reaches than in forested reaches, and
they suggested that the differences in width between forested and non-forested reaches
were related to a balance between rates of erosion and deposition on active floodplains.
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In addition, results from a flume study suggest that near-bank turbulence during
overbank flows may be an important process in channel widening (McBride et al.,
2007).
Clear evidence for channel widening or narrowing with a change in riparian
vegetation is difficult to obtain as such processes likely operate on a time scale greater
than the length of a typical research study, thus limiting field-based research
opportunities. Long-term channel change in response to riparian vegetation change in
small streams has been documented in a few cases (Clifton, 1989; McBride et al., 2005;
Parkyn et al., 2003). Most studies must rely on the space-for-time substitution and
attempt to find paired sites that have similar background characteristics (Allmendinger
et al., 2005; Davies-Colley, 1997; Hession et al., 2003; Huang and Nanson, 1997;
McBride et al., 2005; Parkyn et al., 2003; Scarsbrook and Halliday, 1999; Stott, 1997;
Sweeney et al., 2004; Trimble, 1997).
In this paper, we expand on a preliminary effort to compare historic and current
channel-size data from the Sleepers River Research Watershed (SRRW) in Danville,
Vermont (McBride et al., 2005). One of the first studies to document the influence of
riparian forests on channel form was completed within the SRRW by Zimmerman et al.
(1967). We revisited two of the streams described in the Zimmerman et al. (1967) study
to assess potential changes in channel dimensions and LWD characteristics in response
to riparian reforestation. Our objectives were: 1) to evaluate the extent of riparian
reforestation along the two study streams; 2) to determine differences in bed widths
since 1967; and 3) to investigate differences in channel dimensions and LWD as related
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to current riparian vegetation. Based on our results, we present a conceptual model that
describes the process of channel adjustment following the introduction of forested
riparian vegetation over time.
2.3. Study area
The SRRW is one of the longest-running, cold-region research watersheds in
the United States (Fig. 2.1); hydrologic data have been collected continuously since
1958 (Pionke et al., 1986). The site is currently administered by the U.S. Geological
Survey (USGS). Sleepers River drains 111 km2 that is predominantly forested (~67%);
agriculture and rural residences are the other common land uses (Shanley et al., 1995).
The SRRW contains rolling topography at elevations between 201 to 780 m, and it is
underlain with 1 to 20 m of calcareous till atop the Waits River Formation bedrock, a
metamorphosed limestone (Shanley et al., 1995). We studied two streams: 1) stream
W12 is an unnamed tributary to Sleepers River that drains a 2.1 km2 mixed land use
drainage; and 2) upper Pope Brook, another tributary, is a headwater stream that drains
a 1.1 km2 forested area within State of Vermont forest lands. Forests are predominantly
mixed with both coniferous and deciduous trees. The most common species are
northern white cedar (Thuja occidentalis), yellow birch (Betula alleghaniensis), white
spruce (Picea glauca), balsam fir (Abies balsamea), and sugar maple (Acer
saccharum).
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Figure 2.1 Location of the SRRW showing drainages and reaches of W12 and upper Pope Brook .
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2.4. Methods
2.4.1. Field methods
We conducted a longitudinal survey of W12 and portions of upper Pope Brook,
revisiting the field sites of Zimmerman et al. (1967) during the summer of 2004. We
excluded two segments of W12 where cattle had access to the stream and riparian
areas. We determined bed widths every 8 m to replicate the measurements made by
Zimmerman et al. (1967). In that study, widths were measured “between breaks-inslope between bed and bank” (Zimmerman et al., 1967); likewise, we measured widths
at the edge of the bed, essentially capturing the active channel width, or bed width. We
also collected information on LWD during the longitudinal survey. For each piece of
LWD greater than 10 cm in diameter and 1 m in length (Jackson and Sturm, 2002;
Montgomery et al., 1995), we recorded its location, diameter, length, and decay class.
Decay class describes the age of the LWD on a scale from 1 to 6, where 1 is a recently
recruited piece of LWD with leaves or needles still present, and 6 is an old, weathered
piece of LWD (Martin and Benda, 2001). Debris dams were also located and tallied.
In the summer of 2005, we conducted detailed channel and riparian surveys at 9
reaches within the stream sections previously surveyed. Seven of the reaches were in
W12: 2 non-forested sites (NF1 and NF2); 1 forested site (F1); and 4 reforested sites
(R1-R4). Reforested sites were located in segments of W12 that were identified as nonforested in 1966 but have reforested in the last 40 years. The other 2 forested reaches
were in upper Pope Brook (F2 and F3). All reaches were 75 m long, a length equivalent
to approximately 20 bankfull widths. In each reach, we completed a detailed cross-
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sectional survey of the channel at a characteristic riffle feature, extending to the
floodplain or valley slope adjacent to each streambank. Bankfull elevations were
determined considering a combination of the presence or absence of perennial
vegetation, topographic breaks in the bank, and any change in sediment texture or size
(Dunne and Leopold, 1978). We randomly chose a 10-m2 plot along either the right or
left bank of each reach, within which we measured the diameter at breast height (DBH)
of every tree stem greater than 1.0 cm in diameter. Within the plot, we also tallied and
measured the diameter and length of each woody debris piece on the floodplain using
the same size criteria as the in-stream LWD. To estimate forest age at reaches F1, F2,
and F3, we cored the largest tree within the riparian zone of the reach with an
increment tree borer.
2.4.2. Spatial data methods
To assess quantitatively the change in riparian vegetation, we assembled,
scanned, and georeferenced two historic aerial photographs. The earliest aerial
photograph available was from 1943 (1:1,000). An aerial photograph from 1965
(1:10,000) was nearly concurrent with the Zimmerman et al. (1967) data. Both aerial
photographs were georeferenced to the most current orthophotograph (1999) using
ArcMap software (ESRI, Redlands, CA). Once georeferenced, we overlaid the aerial
photographs to determine areas of reforestation.
2.4.3. Analytical methods
Data collected in the Zimmerman et al. (1967) study included channel
dimensions (bed widths and occasional depths) and riparian vegetation type for
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approximately 5 different tributaries to Sleepers River. Individual width measurements
could be determined from graphs in the Zimmerman et al. (1967) paper for 2 of the
study streams: a 500 m segment of upper Pope Brook and the entire length (3 km) of
stream W12. Zimmerman et al. (1967) specifically selected stream segments to avoid
confounding disturbances such as backwater from weirs, trampling from cattle, and
other human-caused alterations. The Zimmerman et al. (1967) study classified the
riparian condition of different sections of W12 as either sod (i.e. grass), thicket, or
forest. Data categorized as “thicket” were excluded from our analysis because this
vegetation type was not well described.
As a precursor to statistical testing of the bed-width data, we checked the
distribution and created a testable subset of the data. We created a subset of the past
and current bed-width measurements by selecting the bed widths within the 9 detailed
reaches of this study. This resulted in approximately 10 data points per reach for a total
of 79 data points for 1967 and 87 data points for 2004. One reach (NF1) was increased
to 140 m in length to include a sufficient number of data points from the Zimmerman et
al. (1967) data. We found the bed-width data (past and present) to be approximately
normal by assessing normal probability plots that allowed for parametric testing (Zar,
1999).
Differences in mean bed width over nearly 40 years of time (between 1966 and
2004) were tested using a series of two-sample t tests and assessed using a percent
difference. A total of 9 t tests were performed on the 7 W12 reaches and the 2 upper
Pope Brook reaches. Homogeneity of variance was tested in all cases using Levene’s
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test (SAS, 2004). In one case where homogeneity of variance was rejected (reach R4),
we used the Satterthwaite version of the two-sample t test (SAS, 2004). Percent
differences (PD) between 1966 and 2004 data were determined as:

PD =

W2004 − W1966
× 100 ,
W1966

(2.1)

where W2004 is the mean bed width as measured in 2004 and W1966 is the mean bed
width as measured by Zimmerman et al. (1967). We tested whether the PD of
reforested reaches were greater than other reaches using the nonparametric, one-tailed
Mann-Whitney test (Zar, 1999).
Key parameters were identified from the LWD data, cross-sectional surveys,
and riparian vegetation plots. To describe the LWD characteristics of each reach, we
determined total counts and volumes. The decay classes were combined for the 3
forested reaches and the 4 reforested reaches to assess the frequency distributions.
Bankfull channel width, cross-sectional area, mean depth, and width-to-depth ratio
were determined for each reach. For each riparian plot, we determined summary
statistics for the trees and debris measured, including counts, mean DBH, and
maximum DBH. Forest ages of the riparian zones of F1, F2, and F3 were estimated by
counting the tree rings present in the increment bores.
Channel dimension data from previously-published, paired forested and nonforested studies were also compiled to produce hydraulic geometry relationships
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between bankfull width, bankfull depth, and drainage area (Davies-Colley, 1997;
Hession et al., 2003). Because the largest drainage area of this study was 2.06 km2, we
selected data from previous studies for reaches that had drainage areas smaller than 3
km2. Eighteen reaches from the 2 studies were used to create the hydraulic geometry
relationship between bankfull width and drainage area. Only 7 reaches from the
Hession et al. (2003) study were similarly used for the bankfull depth relationship, as
channel depths were not collected by Davies-Colley (1997).
2.5. Results
2.5.1. Riparian reforestation
Substantial riparian reforestation has taken place in W12 since the Zimmerman
et al. (1967) study (Fig. 2.2). In 1966, W12 had approximately 50% of its total stream
length bordered by sod, or non-forested vegetation (Zimmerman et al., 1967), while in
1999 only 22% of the stream remained bordered by non-forested vegetation. Almost 1
km of W12’s riparian zone has reforested within the last 40 years. Only two sections of
W12 remain non-forested (Fig. 2.3) due to mowing practices of the landowners, and in
these sections, nearby trees were at least 5 m from the stream’s edge. Interpretation of
the aerial photographs indicated that riparian forests at reaches F1, F2 and F3 were
established prior to 1943.
The riparian forest at upper Pope Brook (F2 and F3) is likely older than the
riparian forest surrounding reach F1 along W12 based on the tree coring results. A
yellow birch (Betula alleghaniensis) with a 50 cm DBH in reach F2 was dated as
approximately 85 years old, and a balsam fir (Abies balsamea) with a 35 cm DBH in
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reach F3 was approximately 60 years old. The largest tree near reach F1 was a white
pine (Pinus strobus) with a 50 cm DBH, but the estimated age was only 50 years.
Visual observations and riparian plot measurements highlight differences
between the forest vegetation at reach locations. All reforested reaches appeared to
have immature forested vegetation both from our visual observations (Fig. 2.4) and the

Figure 2.2 Aerial photographs of the W12 in (A) 1965 with the riparian classifications of
Zimmerman et al. (1967) and (B) 1999 with reforested segments highlighted and sample reach
locations identified.
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Figure 2.3 Photographs of non-forested reaches NF1 (left) and NF2 (right) of W12.

plot measurements. Forest vegetation in reforested reaches appeared more
homogeneous than forested reaches, and this observation was confirmed by the lower
standard deviations of the DBH measurements (Table 2.1). Commonly, we observed
“wolf” trees in the reforested reaches, providing evidence for the previously nonforested riparian zones. A “wolf” tree differentiates itself from other trees by its large
size and horizontal branches, because it once grew in an open area without competition
from other trees (Spirn, 1998). The characteristics of the reforested reaches were
variable and unique to each reach: reach R1’s floodplain was densely populated with
moderate-sized trees with very little woody debris on the floodplain; reaches R2 and R3
had the smallest trees and woody debris of all reaches; and reach R4 had few trees, but
large-sized woody debris on the floodplain. We observed grassy, herbaceous vegetation
along portions of the streambanks of R2, R3, and R4, but mosses were the predominant
ground cover in R1. The 3 forested reaches (Fig. 2.5), where the forest vegetation was
greater than 60 years old, had trees with greater mean DBH (13.6 cm) than the more
recently reforested reaches (10.0 cm); however, this difference was not significant.
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A

B

C

D

Figure 2.4 Photographs of reforested reaches R1 (A), R2 (B), R3 (C), and R4 (D) of W12.
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Table 2.1 Riparian vegetation plot measurements.
Stem
count
0
0

DBH (cm)
na
na

DBH max
(cm)
na
na

Debris
count
0
0

Debris size
(cm)
na
na

Debris size max
(cm)
na
na

W12
W12
W12
W12

56
30
28
6

11.8 (8.5)
9.0 (7.6)
8.6 (6.1)
10.7 (6.3)

36.0
32.6
27.9
16.2

0
4
16
8

na
4.4 (3.6)
4.7 (1.3)
24.9 (6.9)

na
5.2
10.5
42.0

W12
Pope
Pope

33
15
31

11.3 (9.4)
17.4 (10.5)
12.1 (8.9)

34.5
32.5
27.0

12
7
6

12.2 (3.0)
17.8 (10.5)
12.1 (12.9)

42.0
33.0
37.6

Reach
NF1
NF2

Stream
W12
W12

R1
R2
R3
R4
F1
F2
F3

DBH: mean diameter at breast height of all tree stems, standard deviation in parentheses; DBH
max: maximum diameter at breast height; Debris size: mean diameter of woody debris at the
midpoint, standard deviation in parantheses; Debris size max: maximum diameter of woody debris

B

A

C

Figure 2.5 Photographs of forested reaches F1 (A) of W12, and F2 (B) and F3 (C) of upper Pope.
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2.5.2. Bed width
The reforested reaches of W12 exhibited the greatest increase in mean bed
width between 1966 and 2004; however, all reaches, except F2, were significantly
wider in 2004 than in 1966 (Table 2.2, Fig. 2.6). Among all reaches evaluated, the
increase in mean bed width ranged from 9% to 376%. Three of the 4 reforested reaches
in W12 (reaches R1, R2, and R4) experienced the greatest change in mean bed width,
as shown by the 3 highest PD (231%, 263%, and 376%, respectively). When the
reforested reaches were compared against all other reaches, they had significantly
greater PD (p=0.05). Mean bed widths of F2 in upper Pope Brook exhibited the least
change in the last 40 years, and current mean values (2004) were not significantly
different from the mean values derived from the Zimmerman et al. (1967) estimates. In
general, bed widths were more variable in 2004 than those measured in 1966; the
standard deviation of bed widths in most reaches is greater for the 2004 data.
Table 2.2 Current and past bed width measurements.
n
Reach
NF1
NF2

Stream
W12
W12

R1
R2
R3
R4

W12
W12
W12
W12

1967
6
6

2004
10
7

9
10
9
8

10
10
10
10

Mean bed width (m)
1967
2004
0.81 (0.22) 1.19 (0.23)
0.67 (0.12) 1.11 (0.31)
0.70
0.65
1.24
0.51

(0.38)
(0.30)
(0.34)
(0.27)

2.32
2.36
2.06
2.43

(0.33)
(0.42)
(0.68)
(0.74)

Percent
difference
47%
66%
231%
263%
66%
376%

F1
W12
11
10
119%
1.23 (0.58) 2.69 (0.70)
F2
Pope
10
10
1.70 (0.77) 1.86 (0.41)
9%
F3
Pope
10
10
47%
1.42 (0.33) 2.09 (0.43)
Bolded mean values are significantly different with α = 0.01. Standard deviations
are in parentheses. Reach name indicates riparian vegetation type.
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Figure 2.6 Box plots of bed width data from 1966 and 2004 showing median values (mid-line), 25th
and 75th percentiles (box), and 10th and 90th percentiles (whiskers).

2.5.3. Large woody debris
LWD was slightly more abundant in forested reaches than reforested reaches
and was virtually absent from non-forested reaches (Table 2.3). Forested reaches had
10.7 pieces of LWD per reach on average, while reforested reaches had 6.8 pieces;
however, this was not a significant difference. LWD volume was not significantly
different between forested and reforested reaches, indicating that LWD pieces in
reforested reaches were larger. Forested and reforested reaches were also similar in the
number of debris dams and the volume of LWD in debris dams. LWD pieces in
forested reaches were classified in the oldest decay classes, but LWD in reforested
reaches were fairly evenly distributed throughout the six decay classes (Fig. 2.7). In
general, reforested reaches had LWD that was more recently recruited to the stream.
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Table 2.3 Number and volumes of individual LWD and debris dams by reach.
LWD
count
0
1

LWD
volume
(m3)
0.00
0.03

Debris
dam
count
0
1

Debris dam
volume
(m3)
0
0.03

Reach
NF1
NF2

Stream
W12
W12

R1
R2
R3
R4

W12
W12
W12
W12

10
8
3
6

0.40
0.55
0.20
0.33

2
2
1
2

0.20
0.39
0.08
0.31

F1
F2
F3

W12
Pope
Pope

14
10
8

0.76
0.19
0.23

2
3
1

0.50
0.11
0.02

Figure 2.7 Histogram of decay classes for LWD in reforested and forested reaches (class 1 had
green leaves or needles present, class 2 had twigs present, class 3 had secondary branches present,
class 4 had primary branches present, class 5 had no branches, and class 6 was severely decayed).
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2.5.4. Current bankfull channel dimensions
Bankfull channel dimensions were a function both of drainage area and riparian
vegetation type. The drainage areas of the reaches ranged from 0.55 km2 to 2.06 km2,
while the range in bankfull widths was more than an order of magnitude (Table 2.4).
Differences in channel size and undercut banks in non-forested, reforested, and forested
reaches are displayed in Figures 2.7, 2.8, and 2.9, respectively. Bankfull widths and
bankfull depths were each plotted with hydraulic geometry relationships developed for
forested and non-forested reaches of previous studies (Figs. 2.11 and 2.12). Although
hydraulic geometry relationships are generally specific by region, our data
corresponded well with data from Pennsylvania (Hession et al., 2003) and New Zealand
(Davies-Colley, 1997). Forested reaches were substantially wider than non-forested
reaches for a given drainage area, and they generally align with the hydraulic geometry
of forested reaches. Widths of reforested reaches were narrower than the forested
reaches of this study and smaller than the widths predicted by the hydraulic geometry
Table 2.4 Current bankfull dimensions at representative riffle feature.
Drainage
area (km2)
2.06
0.91

Width (m)
1.57
0.33

Mean
depth (m)
0.22
0.28

Cross-sectional
area (m2)
0.35
0.09

W:D
7.1
1.2

1.98
1.95
1.72
1.02

2.68
2.12
2.06
2.04

0.47
0.50
0.45
0.37

1.25
1.07
0.93
0.76

5.7
4.2
4.6
5.5

F1
W12
1.91
3.84
0.33
F2
Pope
0.55
2.84
0.13
F3
Pope
1.06
2.27
0.29
W:D: Bankfull width to mean bankfull depth ratio.

1.28
0.38
0.65

11.6
21.1
7.9

Reach
NF1
NF2

Stream
W12
W12

R1
R2
R3
R4

W12
W12
W12
W12
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Figure 2.8 Cross-sections of non-forested reaches, NF1 (A) and NF2 (B) of W12.
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Figure 2.9 Cross-sections of reforested reaches, R1 (A), R2 (B), R3 (C), and R4 (D) of W12.
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Figure 2.10 Cross-sections of forested reaches, F1 (A) of W12, and F2 (B) and F3 (C) of upper
Pope Brook.

relationship for other forested reaches. Reforested reaches were wider than the nonforested reaches in this study, but they aligned with the widths expected from nonforested reaches from other studies (Davies-Colley, 1997; Hession et al., 2003).
The range in mean bankfull depths was less pronounced than the range in
bankfull widths. Mean bankfull depths for forested and non-forested reaches
corresponded well with the hydraulic geometry relationship derived from previously
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published data, where forested and non-forested sites were combined (Figure 2.12).
Reforested reaches tended to have mean bankfull depths that were at least 10 cm deeper
than the mean bankfull depth expected for a given forested or non-forested reach with
the same drainage area. A paired t test of measured and expected bankfull depths for
reforested reaches revealed a significant difference (p = 0.004), while measured and
expected bankfull depths for the 5 other reaches were not significantly different.

Figure 2.11 Bankfull width hydraulic geometry for forested and non-forested reaches from DaviesColley (1997) and Hession et al. (2003) plotted with bankfull widths of nine study reaches.
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Figure 2.12 Bankfull depth hydraulic geometry for combined forested and non-forested reaches
from Hession et al. (2003) data plotted with bankfull depths of nine study reaches.

2.5.5. Hydrology
Although much of the historical hydrologic record from the Sleepers River
gages is missing, we were able to compare the annual mean and annual peak-flows of
Pope Brook to identify potential differences between historic and current stream flow
that might affect channel morphology. Stream gage records for Pope Brook (USGS
gage 01135150) from 1992 to 2005 are available, and indicate an annual mean
discharge of 0.17 cms. Annual peak-flows for the same time period range from 2.61 to
7.05 cms, and the mean annual peak-flow is 4.47 cms. Zimmerman et al. (1967)
provided similar statistics for the same gaging station for a period of record from 1960
to 1966, where the mean annual discharge was 0.15 cms and the maximum peak
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discharge on the record was 4.47 cms. From this limited comparison of hydrologic
summary statistics, there do not appear to be any significant differences in the
background hydrology over the period of interest.
2.6. Discussion
2.6.1. Reforestation and land use change
Much of the State of Vermont has reforested passively as agricultural lands
were abandoned. In fact, approximately 30% of late nineteenth-century Vermont was
forested, while over 70% of Vermont is forested at present (Albers, 2000).

The

reforestation of portions of the riparian zone of W12 was a result of changes in land-use
practices. Non-forested areas, maintained by local landowners as pastures or fields,
reverted back to forest once maintenance declined. Portions of W12’s riparian zone are
still used as pasture for cattle, but these areas were excluded from the analysis because
of known impacts to channel dimensions from cattle grazing (Belsky et al., 1999;
Clifton, 1989).
The jumbled history of deforestation and reforestation in Vermont, and
undoubtedly in other locations too, sets a complex context for geomorphic inquiries.
Within this context it may be difficult to discern the response of a stream or river to a
single anthropogenic or natural change, such as the riparian reforestation impacts. The
widespread deforestation following European settlement changed the hydrologic
regime and sediment loading to streams and rivers; several studies in Vermont using
sediment coring techniques and alluvial fan trenching determined that upland erosion
rates increased following European settlement (Bierman et al., 1997; Jennings et al.,

45

2003; Noren et al., 2002). When hillslopes were cleared, they were primed for erosion,
landslides, and mass wasting. Streams and rivers aggraded in response to the increased
sediment load, and there is evidence of that aggradation in floodplain deposits (Costa,
1975) and in the expansion of the Winooski River delta in Lake Champlain, Vermont
(Bierman et al., 1997). Streams and rivers may be working through these legacy
sediments. Indeed, conditions may not remain stable long enough for many streams and
rivers to reach an equilibrium (Knighton, 1998). Although our study site may still be
“recovering” from the historic deforestation centuries ago, and although the site may
continue to evolve in response to new input conditions (e.g., climate change), the
decadal change in riparian vegetation has created a strong and discernable imprint on
the channel morphology.
Similarly, other conditions, including channelization, impoundments, beaver
activity, and grazing can complicate the geomorphic history. To the best of our
knowledge, our study reaches were located in stream segments with limited historic and
current impacts. Historic maps from the mid-1800s of the two study streams did not
show any impoundments or channel straightening; however, there were two
homesteads and a former road crossing located on W12 between reaches R3 and R4.
Beaver are present in the region, and during our field data collection in 2004 and 2005
they maintained a dam in the headwaters of W12. Portions of W12 (between R3 and R4
and between NF1 and R1) are currently accessible by cattle, but these segments were
excluded from our analysis.
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2.6.2. Riparian vegetation and channel size
We found that forested reaches were significantly wider than reaches with nonforested riparian vegetation, confirming the findings of Zimmerman et al. (1967) and
other studies (Allmendinger et al., 2005; Davies-Colley, 1997; Hession et al., 2003;
Murgatroyd and Ternan, 1983; Peterson, 1993; Scarsbrook and Halliday, 1999;
Sweeney, 1992; Sweeney et al., 2004; Trimble, 1997). As Zimmerman et al. (1967)
described, in small streams, riparian vegetation exerts more influence on channel size
than drainage area. For example, reach NF1 had the largest drainage area of all W12
reaches, but was roughly half as wide as the other forested or reforested reaches. Reach
F1 was the widest of all reaches, even though reaches R1 and R2 had larger drainage
areas than F1.
Our results suggested that reforested reaches may not be as wide as forested
reaches and thus, we infer that reforested reaches have not yet reached an equilibrium
width. Reach F1 had the largest mean bed width among all 7 reaches in W12 in 2004
(Table 2.1), and this reach has been forested for at least 60 years. Reaches that have
reforested within the last 40 years (reaches R1, R2, R3, and R4) had mean bed widths
that were larger than the non-forested reaches, but smaller than the mean bed width of
reach F1; however, an analysis of covariance, using drainage area as the covariate,
found no significant difference between the bed widths of forested and reforested
reaches. Although we did not have sufficient data to perform statistical testing on the
bankfull widths, we found that the bankfull widths of the 4 reforested reaches aligned
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more closely with previously published non-forested hydraulic geometry relationships
(Davies-Colley, 1997; Hession et al., 2003) than the forested ones (Fig. 2.11).
Reforested reaches also greatly differentiated themselves from the other reaches
when mean bankfull depths were compared. The depths of the 3 forested and 2 nonforested reaches corresponded well with the hydraulic relationship between mean
bankfull depth and drainage area (Fig. 2.12). Similarly, other studies have found no
difference in either the hydraulic geometry of depth and discharge or depth and
drainage area with different riparian vegetation types (Andrews, 1984; Hession et al.,
2003; Hey and Thorne, 1986; Murgatroyd and Ternan, 1983; Trimble, 1997). The 4
reforested reaches were significantly deeper than the other reaches for a given drainage
area, which suggests that they may be incised.
Although few studies have monitored channel change with reforestation, close
inspection of previous literature suggests that incision may be an active process
following reforestation. We found mention of slumping banks in 2 studies, where
presumably an incised channel made banks increasingly high and steep enough to cause
slumping failures (Davies-Colley, 1997; Murgatroyd and Ternan, 1983). In addition,
during a 5-year period, Murgatroyd and Ternan (1983) observed neither overbank nor
bankfull flows in the reaches with 50 year-old forest vegetation, while upstream in nonforested reaches, overbank flow occurred on average 2 to 3 times per year. A third
study focusing on the water quality of two headwater streams after 9 years of riparian
reforestation described the reaches as incised and found an adverse riparian forest effect
on water quality (Smith, 1992).
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2.6.3. Channel widening
Our results suggested that riparian reforestation led to stream widening in W12,
because the greatest difference in bed widths occurred in reaches that have partially or
completely reforested since 1966. Reforested reaches are likely still adjusting to an
equilibrium channel form. We commonly found features indicating recent channel
change in reforested reaches, such as undercut, eroding banks and avulsions. DaviesColley (1997) speculated that the “stream-bank recession phase” following
reforestation might continue for decades, while the channel recreates a forested
equilibrium morphology. Parkyn et al. (2003) found little evidence for channel
widening in reaches with forest vegetation planted 2 to 24 years prior to their study and
suggested that the plantings were too young for widening to have begun. However,
their finding was based on comparisons of 9 forested reaches to upstream or nearby
control reaches that were unfenced and actively grazed (Parkyn et al., 2003), and
grazed reaches can be widened due to streamside trampling from livestock (Clifton,
1989). It is unclear how long it will take for reforested stream reaches to reach an
equilibrium. Our results suggest that this process may take longer than a few decades
and perhaps last as long as a century, as the reforested reaches appeared to be roughly
half-way between the non-forested and older forested reaches in terms of channel width
(Fig. 2.11). Additionally, the forested reaches (F2, F3, and especially F1) may still be
adjusting to earlier forest-clearing episodes, as those forest parcels are likely secondary
or tertiary growth.
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Although reforested reaches experienced widening that was significantly greater
than the other reach types, both non-forested and forested reaches also had greater
mean bed widths than when measured in 1966. Some possible explanations for this
finding include: 1) we did not measure widths at the same feature as Zimmerman et al.
(1967); however, given the small stream size, it is unlikely that measuring widths at
different features (i.e., bankfull or active bed) would create three-fold and larger
differences; 2) it is a long-term response to the historic land-use change accompanying
European settlement centuries ago; or 3) there may be some natural or anthropogenic
event(s) that caused larger bed widths overall (e.g., storm events, beaver activity, road
construction or other developments). Despite these complicating factors, the effects of
reforestation on channel width outweighs all other background effects, as the change in
channel width was significantly greater for reforested reaches than the forested and
non-forested reaches.
Our findings did not provide much evidence for the frequently discussed driving
mechanisms for channel widening (i.e. either bank weakness from canopy shading of
grassy vegetation or scour around LWD); however, this study was not intended to
specifically test for these mechanisms. First, the absence or presence of grassy bank
vegetation did not appear to modify the amount of widening. Reach R1 was nearly
completely shaded with mossy bank vegetation, while reaches R2, R3, and R4 had
sufficient canopy openings to allow for ample grassy vegetation on their banks, yet all
4 reaches had widened to a similar degree (Figs. 2.4 and 2.11). Second, the amount of
LWD did not appear to affect the extent of widening. Reforested reaches had widely
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ranging amounts of LWD (Table 2.3), but bankfull width did not appear to correspond
with that parameter. Likewise, LWD counts and volumes were not significantly
different between reforested and forested reaches.
Differences found between the LWD characteristics of reforested and forested
reaches may reveal aspects of the forest recovery process. In-stream LWD and woody
debris on the floodplain were not significantly more plentiful in forested reaches.
Because these are small streams where LWD is not in transport, the quantity of instream LWD was expected to be a function of the age of the nearby forest. Studies have
found that older riparian forests contribute more LWD than younger forests (Bilby and
Bisson, 1998; Evans et al., 1993; Ralph et al., 1994) and that recovery of LWD levels
following a disturbance may take at least 40 to 60 years (Gregory et al., 1987).
Although LWD was abundant in reforested reaches, LWD was likely younger and more
recently recruited. In reforested reaches, LWD pieces were larger, had collected in
fewer debris dams, and exhibited fewer signs of decay. The comparatively abundant
amount of recently recruited LWD in reforested reaches, in spite of the age of the
forest, may be a result of channel widening, where young trees that grew along the edge
of the once narrow stream have fallen prematurely due to the incision and widening
(Hupp, 1999).
2.6.4. Conceptual model for channel widening
Based on our findings and previous work, we formulated a conceptual model to
explain channel change over time at Sleepers River tributaries. Reforestation of riparian
zones appears to cause a multi-phase channel adjustment, where the channel first
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incises and then widens in response to changes in the local hydraulics and bankresisting forces. Our conceptual model is similar to other models that have been
proposed for channel evolution following other disturbances such as channelization and
urbanization (Booth, 1990; Hupp and Simon, 1991; Schumm et al., 1984), but the
model does not explain how either forested or non-forested reaches maintain a dynamic
equilibrium (e.g. Allmendinger et al., 2005). The Schumm et al. (1984) model describes
a systematic evolution along the longitudinal profile of incised channels within an
impacted drainage. In a downstream direction from an active nickpoint, reaches are first
incised, then over-widened, and finally the most distant reaches aggrade back to a
quasi-equilibrium state (Schumm et al., 1984). Although we recognize that reach-scale
changes in riparian vegetation may provoke channel network-scale responses, our
conceptual model describes at-a-station morphologic change.
Our conceptual model can be described in four basic steps, recognizing that this
likely oversimplifies some of the complexities of the process (Fig. 2.13). First, forest
species colonize a previously non-forested floodplain (Stage I) and grow along the
streambanks. The small woody plants are too young to shade out the grassy vegetation
or to provide significant LWD to the stream, but the increased roughness on the
floodplain alters the local hydraulics during overbank flows (McBride et al., 2007). The
additional roughness from the rigid woody stems causes near-bank turbulence and
locally increased velocities within the stream channel during storm or snow-melt
events. Considerable increase in near-bank turbulence by tree stems during overbank
flows is suggested by flume studies (McBride et al., 2007; Pasche and Rouve, 1985).
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Figure 2.13 Sketch of conceptual model with original channel profile repeated throughout. Stage I
– dynamic non-forested equilibrium. Stage II – reforestation begins and channel incises. Stage III –
incision slows, channel widens, forest matures. Stage IV – channel reaches dynamic forested
equilibrium by either (a) aggradation or (b) creating an inset floodplain. Relative levels of instream LWD, near-bank turbulence, and bank resistance are graphed adjacently.
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Second, the channel begins to incise in response to the hydraulic changes
because the still grassy cohesive streambanks are more resistant than the bed of the
channel (Stage II). We suspect that the incision continues until the channel is altered to
where the boundary conditions no longer support the accelerated incision. The channel
may incise to a point where the frequency of overbank flows and the corresponding
near-bank turbulence begin to reduce because of the larger channel capacity, thus
providing the feedback to slow incision. Alternatively, incision may be slowed when
the channel degrades below the rooting depth of the grasses and young trees, thereby
enabling channel expansion via widening by mass wasting. Additionally, incision may
be slowed when the channel bottom meets more resistant material such as bedrock or
glacial till (Knighton, 1998). Any or all of these conditions may act to shift the channel
into the next phase of adjustment. We suspect that the quantity of in-stream LWD will
remain virtually unchanged as the new riparian trees are young and stable.
Third, channel widening begins as streambanks become undercut and slumping
occurs (Stage III). The forest vegetation has likely matured at this stage to provide
more shade to limit the growth of grassy vegetation, potentially weakening
streambanks, as speculated in previous studies (Davies-Colley, 1997; Trimble, 1997).
Streambanks may be additionally weakened by the weight of young trees along the
edge of the stream channel (Simon and Collison, 2002; Thorne, 1990). LWD is likely
recruited to the stream at this stage as banks collapse. We suspect that the near-bank
turbulence is reduced in this stage due to the increased capacity of the active channel.
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In the final step, the channel reaches a new “forested” equilibrium. We suspect
that the channel will return to a normal depth either by aggrading back to the original
bed level (Stage IVa) or by creating a new lower floodplain surface (Stage IVb),
depending on the background discharge and sediment regimes. If the sediment supply
is sufficient, we expect that LWD will trap sediment, and the floodplain will be
reactivated, at least partially. Forested floodplains of small streams may be best
described as a complex patchwork of different elevations that have responded to instream debris dams, which can locally increase the frequency and extent of overbank
flows (Jeffries et al., 2003). Ultimately, the new “forested” channel reaches an
equilibrium size such that the channel has adequate capacity for the discharge and
sediment regimes, given the added roughness of both in-stream LWD and the forested
floodplain. Compared to the original Stage I channel, the channel is wider, with lower
stream velocities (Sweeney et al., 2004), higher in-stream roughness (Sweeney et al.,
2004), slower migration rates (Allmendinger et al., 2005), and greater benthic habitat
(Sweeney et al., 2004).
2.6.5. Future work
The conceptual model should guide future research efforts. Ideally, a next step
would be to monitor stream reaches that have recently reforested or that have been
planted as a restoration effort over a long time span. A more plausible option might be
to conduct a field investigation with a broader geographic scope where stream reaches
with different age forest could be monitored over a shorter time span. Either of these

55

options might shed light on whether our conceptual model of incision-wideningrecovery is widely applicable or site specific.
Another key component of future research efforts on this type of channel
response would be to continuously monitor the stream’s sediment and discharge
regimes. There may be distinct differences in the sediment transport and inundation
frequency in reaches with different types of vegetation and in reaches at different stages
of the reforestation timeline. Preliminary monitoring of a set of crest gages installed in
reaches NF1 and R1 revealed that peak flows repeatedly occupied a greater proportion
of the bankfull cross-sectional area in the non-forested reach (see Appendix A). In
hindsight, we recognized the need for gages at all 3 reach types because of the marked
differences in bankfull depth. Continuous stage recording would be the ideal method to
explore differences in the recurrence of bankfull or overbank flows.
Further research is needed to determine the effects of riparian reforestation to
downstream sediment delivery. We suspect that although reforested reaches may widen
during a transitional period of a yet undetermined length, reforested reaches will have
slower lateral migration (Allmendinger et al., 2005) and additional sediment storage
associated with woody debris (Bilby and Bisson, 1998; Keller and Swanson, 1979;
Montgomery, 1997) that might compensate for any temporary increase in sediment
load. Undoubtedly, further investigations are needed to determine the effects of riparian
reforestation to sediment transport, habitat complexity, and ecosystem structure and
function.
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2.7. Conclusions
Reforested reaches were shown to have widened by a comparison of
measurements collected in 1966 and in 2004 – 2005. Several characteristics of the
reforested reaches indicated that these reaches were not in equilibrium and will likely
continue to widen and adjust to the change in riparian vegetation. Similar to many other
studies of small streams, we found that non-forested reaches were considerably
narrower than forested reaches. Our observations did not provide strong evidence to
support the previously hypothesized mechanisms thought to drive differences in
channel width, namely that widening is a result of either scour around LWD or bank
weakness due to the suppression of grassy bank vegetation. Alternatively, we present a
conceptual model describing a process of incision, widening, and recovery, primarily
instigated by a change in stream hydraulics. Although we have documented channel
widening associated with reforestation, this study was not intended to investigate the
effect of riparian vegetation on bank stability. Rather, results from this study should
provoke future investigations into the timing of channel widening associated with
reforestation and the effects of widening on sediment delivery, sediment transport,
inundation frequency, and, ultimately, stream habitat. Our results provide valuable
information for stream restoration efforts that involve the conversion of non-forested
riparian vegetation to forests. Replanting forested buffers on small streams may invoke
unanticipated channel widening with yet unknown, short-term consequences for
sediment delivery to downstream water bodies. With an awareness of the channel
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widening response, perhaps stream restoration efforts can be modified to accommodate
or mitigate for possible undesirable short-term outcomes.
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CHAPTER 3: THE INFLUENCE OF RIPARIAN VEGETATION ON NEARBANK TURBULENCE: A FLUME EXPERIMENT
3.1. Abstract
Measurements from a fixed-bed, Froude-scaled hydraulic model of a stream in
northeastern Vermont demonstrated the importance of forested riparian vegetation
effects on near-bank turbulence during overbank flows. Sections of the prototype
stream, a tributary to Sleepers River, increased in channel width within the last 40 years
in response to passive reforestation of its riparian zone. Previous research has found
that reaches of small streams with forested riparian zones are commonly wider than
adjacent reaches with non-forested, or grassy, vegetation; however, driving
mechanisms for this morphologic difference are not fully explained. Flume experiments
were performed with a 1:5 scale, simplified model of half a channel and its floodplain,
mimicking the typical non-forested channel size. Two types of riparian vegetation were
placed on the constructed floodplain: non-forested, with synthetic grass carpeting; and
forested, where rigid, randomly-distributed, wooden dowels were added. Threedimensional velocities were measured with an acoustic Doppler velocimeter at 41
locations within the channel and floodplain at near-bed and 0.6-depth elevations.
Observations of velocity components and calculations of turbulent kinetic energy
(TKE), Reynolds shear stress, and boundary shear stress showed significant differences
between forested and non-forested runs. Generally, forested runs exhibited a narrow
band of high turbulence between the floodplain and main channel, where TKE was
roughly two times greater than TKE in non-forested runs. Compared to non-forested
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runs, the hydraulic characteristics of forested runs appear to create an environment with
higher erosion potential. Given that sediment entrainment and transport can be
amplified in flows with high turbulence intensity and given that mature forested stream
reaches are wider than comparable non-forested reaches, our results demonstrated a
possible driving mechanism for channel widening during overbank flow events in
stream reaches with recently reforested riparian zones.
3.2. Introduction
Reforestation of riparian areas is a common phenomenon due both to restoration
efforts and passive reforestation. Stream restoration programs typically include riparian
reforestation to benefit stream ecosystems by filtering pollutants, regulating light and
temperature regimes, and providing physical habitat and a food/energy base (Gregory et
al., 1991; Sweeney, 1992; Sweeney et al., 2004). Some riparian areas have passively
reforested in response to changes in land use, especially in areas where agricultural uses
are in decline. For example, late nineteenth-century Vermont was roughly 30 per cent
forested; however, approximately 70 per cent of Vermont is currently forested (Albers,
2000). In this study, we used a scaled flume experiment to explore the effects of
reforestation on the hydraulic characteristics of overbank flows, a potential driver for
morphologic change.
Riparian vegetation exerts a strong influence on stream-channel morphology.
Studies from different geographic locations indicate that stream reaches with riparian
forests are wider than those with adjacent grassy vegetation (Zimmerman et al., 1967;
Murgatroyd and Ternan, 1983; Sweeney, 1992; Davies-Colley, 1997; Trimble, 1997;

66

Hession et al., 2000; Hession et al., 2003; Sweeney et al., 2004; Allmendinger et al.,
2005). Conversely, other studies suggest that widths of streams through grassland are
generally greater than those through forest (Charlton et al., 1978; Hey and Thorne,
1986; Gregory and Gurnell, 1988; Rosgen, 1996). It should be noted that previous
studies have categorized riparian vegetation in a multitude of ways, so it can be
difficult to compare findings or make generalized conclusions. These apparently
contrary findings may also be partially explained by a scale-dependent effect of riparian
vegetation, such that in drainages greater than 10 to 100 km2, widths are narrower when
thick woody vegetation is present and in smaller drainages the opposite effect is
observed (Anderson et al., 2004). The driving mechanisms for these width adjustments
are not well described or understood at either scale. If the channel processes associated
with reforesting riparian zones were better understood, these conflicting findings might
be resolved. An understanding of channel processes is also essential to properly guide
stream-restoration activities (Hession, 2001).
The driving mechanisms that create these differences in channel size likely
operate on a time scale greater than the length of a typical research study; therefore,
field-based research opportunities are limited. Long-term channel change in response to
riparian vegetation change has been documented in a couple of cases (Parkyn et al.,
2003; McBride et al., 2005). The study in New Zealand evaluated channel response in
small streams restored with forest buffers planted 2 to 24 years prior to the study
(Parkyn et al., 2003). Researchers did not find a significant difference in channel width
between reforested and control reaches, and they suggest the plantings were too young
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to initiate widening (Parkyn et al., 2003). A study comparing historic data from
Zimmerman et al. (1967) and data collected nearly 40 years later in 2004 in the same
stream reaches, investigated differences in channel width over time (McBride et al.,
2005). The Zimmerman et al. (1967) study was one of the earliest on this subject and
found that channel bed widths were larger in reaches with forested riparian vegetation
than in reaches with “sod,” or grassy riparian vegetation for several small tributaries to
the Sleepers River. In the 1960s, this area had a diverse patchwork of forested and nonforested riparian vegetation, but since then approximately 1 km of these tributaries has
passively reforested. These reforested stream reaches were significantly wider in 2004
than as measured in the 1960s (McBride et al., 2005).
Several theories on the mechanisms driving channel widening have been
postulated in the literature. The process of channel widening that presumably occurs
following the reforestation of a riparian zone has been attributed to two main effects: 1)
the suppression of grassy and understory vegetation on the banks and within channels
with a closed canopy (Murgatroyd and Ternan, 1983; Davies-Colley, 1997); and 2)
local scouring from large woody debris (LWD; Zimmerman et al., 1967; Murgatroyd
and Ternan, 1983; Trimble, 1997; Trimble, 2004). Although Allmendinger et al. (2005)
discussed differences in channel equilibrium widths of forested and non-forested
streams related to different ratios between rates of cutbank erosion and deposition on
active floodplains, the process of channel widening that presumably accompanies
reforestation is not explained. Another possible mechanism for channel widening not
yet explored is the hydraulic effect of forested vegetation during overbank flows. When
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flows overtop channel banks in reaches with forested floodplains, flows must
circumvent tree trunks resulting in more roughness than found on a non-forested
floodplain. The hydraulic characteristics of overbank flows with forested versus nonforested floodplains are likely different, and the impact to channel morphology may be
significant. Given the difficulties of monitoring and collecting data during infrequent
overbank flow events on small streams with flashy flow regimes, a physical model
provides an experimental surrogate for investigating the possible driving hydraulic
conditions.
Flume studies offer the advantage of a controlled experimental environment
where the hydraulic forces and channel response can be isolated; thereby, avoiding
some of the complications involved in field-based research (Thompson and Wohl,
1998). Several flume studies have investigated the hydraulic and geomorphic effects of
vegetation including studies of drag coefficients with submerged vegetation (Garcia et
al., 2004), changes in channel planform and dimensions (Gran and Paola, 2001;
Bennett and Alonso, 2003), and hydrodynamic behavior and flow resistance (Pasche
and Rouve, 1985; Naot et al., 1996; Darby, 1999; Nezu and Onitsuka, 2001). To our
knowledge, no physical model studies have explored the hydraulic characteristics of
overbank flows as a driving mechanism for channel widening in response to riparian
reforestation using a scaled-model approach.
One key hydraulic behavior that may be driving channel widening is a shearlayer effect. A shear layer can establish itself at the interface between a main channel
and a floodplain due to the velocity differential between the floodplain flow and the
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main channel flow (Shiono and Knight, 1991; Wormleaton, 1996). Strong shear layers
are composed of periodic, whirlpool-like flow elements called vortices or coherent
structures (Tritton, 1988; Smith, 1996). These zones of high shear have been identified
in pools (Thompson, 2007) and at stream confluences (Biron et al., 1993; McClelland
et al., 1996) and have been shown to significantly influence channel morphology.
Studies of shear zones above submerged vegetation have shown intermittent organized
vortices and maximum values of turbulence intensity and Reynolds shear stress near the
top of the vegetation canopy (Ikeda and Kanazawa, 1996; Garcia et al., 2004). The
introduction of vegetation results in additional drag forces, turbulent energy, and
anisotropy of turbulence (Naot et al., 1996). Consequently, many researchers have
numerically described the channel-floodplain interface as an imaginary vertical wall to
facilitate modeling techniques (Pasche and Rouve, 1985; Naot et al., 1996).
Visualization techniques show that intensive vortex shedding occurs at the channelfloodplain interface due to an intensive momentum exchange between two distinct
regions of varying velocity (Pasche and Rouve, 1985).
We hypothesize that during overbank flows, turbulence generated from riparian
trees locally broadens stream reaches from a narrow, non-forested equilibrium size to a
wider forested size. Flow separation around tree trunks along forested stream reaches
will generate localized turbulence and scour that may increase channel width through
bank erosion. Because trees are stable features that can fix the location of vortex
shedding for years, turbulent scour along the bank may gradually increase channel
width. In contrast, non-forested stream reaches typically contain fewer persistent
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obstructions that could generate turbulent scour. Our objective was to conduct a
controlled flume experiment using a scaled model of a non-forested reach of an
unnamed tributary to Sleepers River in northeastern Vermont. This tributary, stream
W12, is significant because it was the site of an early investigation by Zimmerman et
al. (1967) and has subsequently experienced reforestation of some riparian areas
(McBride et al., 2005). Overbank flows were simulated to investigate near-bank
turbulence and flow dynamics that might be responsible for channel widening in
response to a change in riparian vegetation.
3.3. Methods
3.3.1. Experimental specifications and procedure
Experiments were performed in a recirculating flume 1.0-m wide, 0.3-m deep,
and 6.0-m long at the University of Vermont’s Hydraulics Laboratory. Discharge was
measured using a calibrated venturi meter installed in the flume’s piping system. An
adjustable tailgate at the downstream end of the flume controlled the water depth.
Instruments were mounted from above on an aluminum plate carriage that traveled the
length of the flume on stainless steel rails.
Base channel geometry for the experiments originated from a highly simplified,
1:5 scale model of W12 in the Sleepers River catchment (Figure 3.1). Channel width (at
the crest of the bank), bank slope, and channel cross-sectional area were all based on
mean values derived from four cross-sectional field surveys of a non-forested
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Figure 3.1 Non-forested reach of stream W12 (prototype). April 21, 2004.

reach of W12. The flume’s gradient for all experimental runs was fixed at 0.03, the
mean slope of W12, while other channel dimensions varied because of the different
bank angles used in the experiment (Table 3.1).
Six experimental stream morphologies were created in a test region of the flume
measuring 367 cm long by 94 cm wide. Each experimental morphology was designed
to represent half of a straight, uniform channel with an adjacent, flat floodplain (Figure
3.2). The floodplain width, 61 cm, was approximately double the channel width in the
flume. One of the flume's vertical walls comprised the channel centerline. Although we
would have preferred to model the entire channel with both sides of the floodplain,
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Table 3.1 Experimental flume runs and channel dimensions.

Run

Riparian
Vegetation

Bank
angle

Discharge
(L/s)

Bed
width
(cm)

Water
depth
(cm)

Channel
width
(cm)

Channel
area
(cm2)

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18

Forested
Forested
Forested
Forested
Forested
Forested
Forested
Forested
Forested
Non-forested
Non-forested
Non-forested
Non-forested
Non-forested
Non-forested
Non-forested
Non-forested
Non-forested

Angled
Angled
Angled
Vertical
Vertical
Vertical
Undercut
Undercut
Undercut
Angled
Angled
Angled
Vertical
Vertical
Vertical
Undercut
Undercut
Undercut

30
33
36
30
33
36
30
33
36
30
33
36
30
33
36
30
33
36

22.0
22.0
22.0
33.0
33.0
33.0
45.0
45.0
45.0
22.0
22.0
22.0
33.0
33.0
33.0
45.0
45.0
45.0

19.0
19.0
20.2
18.5
19.5
19.5
18.5
19.0
19.5
19.0
19.0
20.5
18.5
18.5
20.5
18.5
19.0
19.5

33.0
33.0
33.0
33.0
33.0
33.0
34.0
34.0
34.0
33.0
33.0
33.0
33.0
33.0
33.0
34.0
34.0
34.0

220.0
220.0
220.0
264.0
264.0
264.0
316.0
316.0
316.0
220.0
220.0
220.0
264.0
264.0
264.0
316.0
316.0
316.0

we were limited by the size of our flume and the minimum channel dimensions needed
to collect data with our instrumentation. Two types of riparian vegetation were
simulated on the floodplain surface: non-forested, with synthetic grass carpeting; and
forested, where rigid, randomly-distributed, wooden dowels were added (Figure 3.2).
Because both the forested and non-forested experimental morphologies were the same
size, we assumed the forested experimental morphologies were essentially under-fit,
which permitted us to investigate hydraulic conditions during the crucial widening
period. Three bank angles were simulated: angled (36o), vertical (90o), and undercut
(144o).
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Figure 3.2 Experimental flume set-up shown with an oblique photograph of a forested run with
vertical banks (A) and in cross-section with three different bank angles shown overlapping (B).
Flow direction is into the page.

The experimental channels and floodplains were constructed out of rigid, highdensity polyethylene plastic sheets to create fixed boundaries. Channel bottom sections
were roughened by attaching a single layer of 6-mm sorted pea gravel with construction
adhesive. The pea gravel was sorted to achieve the 1:5 ratio with the median sediment
size (30 mm) of W12. Channel banks were similarly glued with a layer of fine sand
(approximately 0.125 to 0.25 mm), roughly one fifth the size of the course sand found
in the prototype’s streambanks. The floodplain surface was affixed with 1-cm thick
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synthetic grass carpet for all experimental runs. Dowels were successfully used in
several flume experiments to simulate trees or other vegetation (Pasche and Rouve,
1985; Tsujimoto, 1996; Nezu and Onitsuka, 2001; Garcia et al., 2004). Therefore, for
runs with forested riparian vegetation, rigid wooden dowels 2.5 cm in diameter were
attached from the underside of the floodplain surface in a random configuration. Dowel
diameter and spacing, both along the bank and throughout the floodplain, were scaled
from measurements of a 10-m2 plot of riparian forest at W12. The spacing of dowels
was denser along the bank to mimic our field observations of a clustering of watertolerant tree species along the bank crest.
A total of 18 flume runs were conducted with all combinations of riparian
vegetation, bank angle, and discharge (Table 3.1). Experiments were run at three
different discharges: 30, 33, and 36 L/s. These discharges corresponded to overbank
flows in W12 with discharges of 3.35, 3.69, and 4.02 m3/s, based on dynamic, Froude
similitude (Chanson, 1999). Limited hydrologic data are available for W12; however, a
maximum peak discharge of 0.59 m3/s was recorded between 1963 and 1966
(Zimmerman et al., 1967). We measured a spring-melt peak discharge of 0.21 m3/s at
W12 on April 6, 2005, but this flow event was contained within the channel. To
roughly estimate the return interval of the modeled discharges, we used a United States
Geologic Survey (USGS) area-based regression method for ungaged streams (Johnson
and Laraway, 1971). Several area-based methods are applicable for Vermont (VAOT,
1998); however, the USGS method provided an estimate of the 2-year peak discharge
(0.79 m3/s) that most closely matched the measured peak-flow in the 1960s. Using this
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method, we found our simulated discharges approximately equaled the 50-year peak
discharge (3.48 m3/s). Although we would have preferred to simulate smaller, more
frequent floods, our instrumentation required a minimum water depth to enable the
collection of velocity measurements. We assume that the hydraulic characteristics and
flow patterns will be similar for most overbank flows at different stages, but that the
magnitude of velocities and velocity-derived parameters will vary based on discharge.
The tailgate of the flume was maintained at a constant height for all 18
experimental runs to maintain subcritical flow throughout the test region of the flume
and to ensure a minimum water depth of at least 8 cm on the floodplain surface. Froude
similitude was achieved and confirmed by a comparison of the Froude number
calculated from the April 6th discharge in W12 (0.37) and the Froude number attained
in the main channel portion of the flume (0.38-0.39).
Three dimensional velocities were measured with a Nortek Vectrino acoustic
Doppler velocimeter (ADV; Annapolis, MD). The ADV is a downward-oriented probe
that employs the Doppler effect, sending sound pulses from its central transducer that
are reflected by suspended particles and collected by 4 receivers. The sampling volume
was 0.2 cm3, located 5 cm below the probe. Levels were attached to the ADV to ensure
that the equipment was properly and consistently mounted. Seeding material composed
of 8-13 µm borosilicate glass beads was used during all experimental runs to ensure
quality measurements. The ADV sampled at a rate of 25 Hz for at least 90 s for each
measurement. Post-processing of the three-dimensional velocity components showed
that stationarity was attained well within a 90 s recording time.
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Three-dimensional velocities were measured at 41 locations within the main
channel and floodplain at near-bed (approximately 1 cm from the bottom surface) and
0.6-depth elevations. Measurement locations were configured in two cross-sections (AA' and B-B') and in a 20-cm by 20-cm region between the two cross-sections (Figure
3.3). Along each cross-section, measurement locations were spaced every 10 cm in the
floodplain region and every 5 cm within the near-bank and main channel regions. In the
region between cross-sections, velocities were collected on a 5-cm grid. At all 41
locations, velocities were sampled at near-bed depth. Furthermore, the deeper water in
the main channel and near-bank regions permitted additional velocity measurements
conducted at the 0.6-depth. In the runs with the forested floodplain, it was not possible
to sample at two locations because they were obscured by dowels.

Figure 3.3 Planview of experimental flume set-up.
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3.3.2. Analytical methods
3.3.2.1. Data filtering
Post-processing methods were used to ensure quality data and the best
representation of true velocity conditions. Erroneous data due to communication errors,
low signal correlation, low signal-to-noise ratios (SNR), or effects of aliasing can bias
mean velocity values and turbulence statistics (Lane et al., 1998). Instantaneous
velocities were discarded if the signal correlation dropped below 0.7 or if SNR values
dropped below 15 dB (Lane et al., 1998; Wahl, 2000). Although removing erroneous
velocities is beneficial, the removal of too many data can be counterproductive because
the true variance may be reduced. Consequently, we eliminated any velocity files if
more than 15 per cent of the instantaneous velocity values were discarded (Lane et al.,
1998). A total of 1100 velocity files were recorded during the 18 flume runs, and of
those only four files were discarded. The four discarded velocity files were collected
during forested flume runs at a location adjacent to one of the wooden dowels (crosssection B-B' at 65 cm). Low correlation values in these four files were likely caused by
interference from the dowel. Of the remaining files, the mean percentage of retained
points was 99.1 per cent. The files were filtered with a Gaussian low-pass filter to a
frequency of 12.5 Hz to eliminate Doppler noise (Lane et al., 1998). Post-processing of
velocity data was completed using ExploreV software from NortekUSA (Annapolis,
MD).
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3.3.2.2. Key parameters
Following data post-processing, several parameters were calculated from the
velocity measurements including mean velocities in the streamwise (U), lateral (V), and
vertical (W) directions, turbulent kinetic energy (TKE), Reynolds shear stresses (Rl and
Rv), and boundary shear stress (τp). Because the short-term variation of velocities
around their time-averaged values is an essential aspect of turbulent motion, the
intensity of turbulence can be quantified as:

(

)

TKE = 0.5 ρ < u ' 2 > + < v' 2 > + < w' 2 > ,

(3.1)

where ρ is the density of water and <u'2>, <v'2>, and <w'2> are the mean square
differences between the instantaneous velocities and the time-averaged velocities in the
streamwise, lateral, and vertical directions, respectively (Bradshaw et al., 1967;
Clifford and French, 1993). We determined Reynolds fluctuating shear stress in the
lateral direction:

Rl = − ρ (< u 'v' > )

(3.2)

and in the vertical direction:

Rv = − ρ (< u ' w' > ) ,

(3.3)
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where <u'v'> is the mean of the product of the fluctuations of streamwise and lateral
velocities and <u'w'> is the mean of the product of the fluctuations of streamwise and
vertical velocities (Clifford and French, 1993). Reynolds shear stresses were calculated
to investigate the character of the turbulence in the near-bank region, and a quadrant
analysis of those stresses was used to dissect the velocity signal based on the relative
signs of u', v' and w' (Lu and Willmarth, 1973). To explore potential impacts of
turbulence on the channel morphology of the prototype stream, values of boundary
shear stress were calculated such that:

⎡

⎤

ρ p ⎢ cTKE m ⎥
τp =
,
Lr
ρ m ⎢⎢ 1 − 1 12 ⎥⎥
2
⎣

(

s

)

(3.4)

⎦

where subscripts p and m correspond to prototype (stream) and model values,
respectively. Lr is the length ratio of the prototype channel to the model, c is a
proportionality constant assumed to be 0.21 (Daniels and Rhoads, 2004), and s is the
side slope (1:s, vertical:horizontal). The side slope, s, in the denominator adjusts for the
increased length of the bank surface with angled banks (runs 1-3 and 10-12). The
simple linear relationship between boundary shear stress (τp) and TKE was successfully
demonstrated in tidal currents, stream channels, and flume applications (Kim et al.,
2000; Biron et al., 2004; Daniels and Rhoads, 2004). Water temperatures in the flume
ranged from 23 to 26oC and the corresponding ρ values (0.9975 to 0.9967 g/cm3) were
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used in the calculation of TKE, Reynolds shear stress, and boundary shear stress. Water
temperature in W12 was assumed to be 5oC with ρ equal to 1.0000 g/cm3.
3.3.2.3. Statistical methods
Parametric statistical techniques were used to test for differences in mean
values of the measured parameters. Separate analyses were performed in each of three
distinct regions of the flume: floodplain (6 to 62.5 cm); near-bank (62.5 to 77.5 cm);
and main channel (77.5 to 100 cm; Figure 3.2). All parameters were found to be
approximately normally distributed by the inspection of normal quantile plots and the
Shapiro-Wilk test (JMP, 2002). A randomized complete block approach was used to
test for differences in velocity components, TKE, and Reynolds shear stress. Each
measurement location (Figure 3.3) was treated as a block with riparian vegetation, bank
angle, and discharge level as fixed factors. Results were examined for interaction
effects, where the effect of one factor might not be independent of the particular level
of another factor (Zar, 1999). Blocks with missing data were excluded from the
analysis. This approach was preferred over a simpler factorial analysis of variance
because replicates were not independent due to strong spatial correlation between
adjacent measurement locations. Statistical testing was completed using JMP software
v.5.0.1.2 (SAS Institute, Inc., Cary, NC).
3.4 Results
Values of velocities and TKE throughout the sampled cross-section of the flume
varied depending on location, riparian vegetation type, discharge, and bank angle.
Planview plots of the sampled area display near-bed velocities with vectors and near-
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bed TKE in shaded contours for runs 2 and 11 (Figure 3.4). Trends in these figures are
generally representative of results from all runs. In the forested scenario, a narrow band
of high TKE values was apparent at approximately 70 cm in the cross-section,
occurring at the interface between the floodplain and the main channel, with values
more than double those observed in the corresponding non-forested run. In the nonforested scenario, the highest TKE values occur on the floodplain with additional bands
of elevated TKE at 70 cm and 90 cm. Both figures demonstrated the dominant
streamwise velocities, and substantially higher velocities in the main channel versus the
floodplain.
Lateral and vertical velocity vectors are shown in cross-section plots (Figures
3.5a and 3.5b), and are generally similar for both forested and non-forested runs.
Velocity vectors in the non-forested run display small lateral currents smoothly flowing
from the floodplain to the main channel; however, velocity vectors in the forested run
are more complicated especially in the near-bank region. Although it was not possible
to measure velocities near the water surface due to limitations of the downward-facing
probe, secondary circulation is presumed, such that surface velocities would be directed
back to the floodplain in both forested and non-forested runs. Compound channels
commonly exhibit multiple regions of secondary circulation (Wormleaton, 1996; Nezu,
2005). Deviations from these general trends and detailed findings including interactions
between factors for subsequent flume runs are described below by region (floodplain,
near-bank, and main channel). Due to the experimental design with three fixed factors
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Figure 3.4 Planview contour maps of TKE values in non-forested run 11 (A) and forested run 2 (B)
with angled banks and 33 L/s discharge. Velocity vectors are shown for cross-section A-A'.
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Figure 3.5 Cross-section views of lateral (V) and vertical velocities (W) in non-forested run 11 (A)
and forested run 2 (B). Both runs had angled banks and 33 L/s discharge.

(riparian vegetation, bank angle, and discharge), results were multifaceted and,
commonly, the response of the system to one factor was dependent on the levels of the
other factors.
3.4.1. Floodplain region
Velocities and TKE in the floodplain region exhibited minor differences
between forested and non-forested runs (Table 3.2). In both forested and non-forested
runs, streamwise velocities increased significantly with increasing discharge, and
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Table 3.2 Results of the randomized complete block analysis of the floodplain region (14 blocks). Bold values are significant at the 95%
confidence level.
U (cm/s)
Factors

V (cm/s)

W (cm/s)

TKE (x10-1 Pa)

Levels

mean

p-value

mean

p-value

mean

p-value

mean

p-value

Riparian
vegetation

Forest
Non-forest

17.60
17.04

0.4413

-1.12
-2.28

<.0001

-0.18
-0.21

*

27.70
29.35

*

Bank angle

angled
vertical
undercut

16.40
18.46
17.09

0.0606

-1.71
-1.52
-1.87

0.1553

-0.26
-0.16
-0.16

*

27.01
28.82
29.74

0.3209

Discharge

30
33
36

14.99
17.49
19.47

<.0001

-1.78
-1.71
-1.62

0.6759

-0.21
-0.20
-0.17

0.8236

26.95
28.41
30.21

*

Interactions
Rip. Veg. x Bank
0.2316
0.8732
0.5374
0.0252
Rip. Veg. x Discharge
0.9468
0.5236
0.7423
0.0032
Bank x Discharge
0.9999
0.4430
0.9771
0.5180
Rip. Veg. x Bank x Discharge
0.9998
0.7884
0.9340
0.9910
* p-values are excluded when interaction effects are significant and interpretations of mean values must consider interaction
effects.
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lateral velocities were directed toward the main channel. Non-forested runs had
significantly greater lateral velocities along the bed than forested runs. In forested runs,
TKE values increased directly with discharge, whereas in non-forested runs, TKE
values exhibited less change (Figure 3.6a). Examination of this interaction effect
showed that under the lowest discharge regime, non-forested runs (10, 13, and 16) had
greater TKE values than the forested runs (1, 4, and 7); however, under the higher
discharge regimes, forested runs exhibited greater TKE. Differences in vertical
velocities between forested and non-forested runs were negligible, even though there
was a significant interaction between riparian vegetation and bank angle.
3.4.2. Near-bank region
Results in the near-bank region are more complex than either the floodplain or
main channel regions; differences in velocities and TKE between forested and nonforested runs were substantial (Table 3.3). Non-forested runs had significantly greater
streamwise velocities than forested runs. Additionally, the velocity vectors in Figure
3.4 illustrated a gradual gradient in streamwise velocity in the non-forested run, while
the streamwise velocity increased more rapidly between the 70 and 75 cm locations in
the forested run. Non-forested runs had greater lateral velocities and stronger,
downward-oriented vertical velocities than forested runs, which had positive vertical
velocities (i.e., upward-oriented). Although velocities were generally greater in the nonforested runs in the near-bank region, the magnitude of TKE in forested runs was
consistently more than two times that of the non-forested runs, regardless of bank angle
(Figure 3.6c) or discharge (Figure 3.6d). The distribution of TKE in the water column,
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Figure 3.6 Plots of mean values of TKE and of streamwise velocity (U) to display trends with
factors that interacted significantly in the floodplain region (A, B), the near-bank region (C – E),
and the main channel region (F, G).
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Table 3.3 Results of the randomized complete block analysis of the near-bank region (23 blocks). Bold values are significant at the 95%
confidence level.
U (cm/s)
Factors

V (cm/s)

W (cm/s)

TKE (x10-1 Pa)

Levels

mean

p-value

mean

p-value

Mean

p-value

mean

p-value

Riparian
vegetation

Forest
Non-forest

36.87
39.80

<.0001

-0.25
-2.11

*

0.21
-0.47

<.0001

48.12
21.99

*

Bank angle

angled
vertical
undercut

38.58
38.58
37.84

*

-1.19
-1.00
-1.35

*

0.12
0.02
-0.53

<.0001

44.81
26.92
32.24

*

Discharge

30
33
36

35.42
38.49
41.09

*

-1.49
-1.40
-0.65

*

-0.01
-0.14
-0.24

<.0001

31.43
34.29
38.25

*

Interactions
Rip. Veg. x Bank
0.0806
*
0.0645
<.0001
Rip. Veg. x Discharge
0.2053
*
0.3280
<.0001
Bank x Discharge
*
0.8276
0.0286
0.0016
Rip. Veg. x Bank x Discharge
0.3899
0.1672
0.1636
<.0001
* p-values are excluded when interaction effects are significant and interpretations of mean values must consider interaction
effects.
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as measured at 0.6-depths and at the bed, was different between forested and nonforested runs. In non-forested runs, TKE was almost always greater along the bed than
at 0.6-depths (Figure 3.7a). In forested runs, TKE at 0.6-depths were nearly equivalent
or greater than TKE along the bed (Figure 3.7b).
Both bank angle and discharge level affected many of the velocity components
and TKE. Streamwise velocities increased with discharge for all bank types; however,
angled banks had the greatest increase with discharge (Figure 3.6b). Lateral velocities
had a significant three-factor interaction, indicating that riparian vegetation, bank angle,
and discharge were interrelated in their effect on this parameter, but they did not exhibit
any notable trends. Vertical velocities were significantly influenced by each factor
individually. Angled banks resulted in upward-oriented vertical velocities, undercut
banks resulted in downward-oriented vertical velocities, and vertical banks had
negligible vertical velocities. Neither bank angle nor discharge level had a sizeable
effect on TKE values in non-forested runs (Figures 3.6c, 3.6d); however, in forested
runs, TKE values increased with increasing discharge, and TKE values were higher
with an angled bank (Figures 3.6c, 3.6d). For all bank types TKE increased with
increasing discharge and angled banks had higher TKE overall (Figure 3.6e).
The peak turbulence in forested runs occurs along the bank face at 70 cm
(Figure 3.7b) and an analysis of Reynolds shear stresses at that location illustrated
differences between forested and non-forested runs (Table 3.4). When two typical runs
were compared, the forested run (run 2) had over three times greater mean lateral
Reynolds shear stress and over two times greater mean vertical Reynolds shear stress
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Figure 3.7 TKE values (of model) and boundary shear stresses (of prototype) at cross-section A-A'
for non-forested run 11 (A) and forested run 2 (B). Shear layer widths are identified with arrows.
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Table 3.4 Distribution of Reynolds shear stresses and percentage of time (in parantheses) by
quadrant for two runs from measurements at location 70 cm along cross-section A-A'.

Vertical Reynolds
shear stress

Lateral Reynolds
shear stress

Mean velocities:

U
V
W

Forested
(run 2)
34.5
-0.1
0.9

Quadrants:
1
u'>0, v'>0
2
u'<0, v'>0
3
u'<0, v'<0
4
u'>0, v'<0

-51.3
17.6
-72.6
14.8

Total mean:

-42.8

Quadrants:
1
u'>0, w'>0
2
u'<0, w'>0
3
u'<0, w'<0
4
u'>0, w'<0

-27.1
19.3
-34.0
16.2

Total mean:

-10.9

(40%)
(13%)
(36%)
(11%)

Non-forested
(run 11)
39.4
-1.2
0.0
-17.5
7.1
-26.6
6.9

(37%)
(15%)
(34%)
(14%)

-13.3

(31%)
(20%)
(29%)
(20%)

-13.2
8.0
-15.6
6.7

(33%)
(18%)
(31%)
(18%)

-6.5

than the corresponding non-forested run (run 11). Quadrant analysis showed that the
forested run had the highest values of lateral Reynolds shear stress in quadrant 1, where
u'>0, v'>0 and quadrant 3, where u'<0, v'<0. Moreover, 40 per cent of the time was
spent in quadrant 1, which corresponds to greater than average streamwise velocities
directed toward the bank face (u'>0, v'>0). The velocity signal in the non-forested run
showed a similar pattern in time distribution, but the absolute values of lateral Reynolds
shear stress were much smaller in each quadrant. Quadrant analysis of the vertical
Reynolds shear stress showed that the stress and the percentage of time were fairly
evenly distributed in the four quadrants for both forested and non-forested runs.
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3.4.3. Main channel region
Although the geometry and roughness of the main channel region were identical
throughout the 18 flume runs, velocities and TKE were influenced by changes in
riparian vegetation and bank angle in the other regions (Table 3.5). In both forested and
non-forested runs, streamwise velocities increased significantly with increasing
discharge and vertical velocities were consistently negative. Streamwise velocities were
also higher with angled banks as compared to vertical or undercut banks, likely due to
the smaller capacity of the cross-section. Lateral velocities had a significant three-factor
interaction, indicating that each combination of riparian vegetation type, bank angle,
and discharge yielded different results without any apparent trends. Forested runs had
greater TKE values than non-forested runs for any given bank angle and discharge
level; however, TKE results exhibited significant interaction effects between some
factors. Bank angle did not have a sizeable effect on TKE values in non-forested runs,
but in forested runs, the angled bank promoted the greatest turbulence, followed by
undercut banks and vertical banks (Figure 3.6f). Closer inspection of the bank angle
and discharge interaction effect revealed stable TKE values with discharge for the
angled bank; however, both undercut and vertical banks showed an increase in TKE
with increasing discharge (Figure 3.6g).
3.4.4. Shear layer width
Estimations of the shear layer width were slightly limited by the 5 cm
measurement spacing in the near-bank region. However, approximations of shear layer
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Table 3.5 Results of the randomized complete block analysis of the main channel region (22 blocks). Bold values are significant at the 95%
confidence level.
U (cm/s)
Factors

V (cm/s)

W (cm/s)

TKE (x10-1 Pa)

Levels

mean

p-value

mean

p-value

Mean

p-value

mean

p-value

Riparian
vegetation

Forest
Non-forest

44.74
44.25

*

-0.61
-2.15

*

-0.69
-0.62

0.1487

26.75
17.54

*

Bank angle

angled
vertical
undercut

48.31
42.95
42.21

*

-1.32
-1.16
-1.66

*

-0.72
-0.64
-0.60

0.1337

25.64
18.73
22.06

*

Discharge

30
33
36

42.64
44.84
46.00

<.0001

-1.57
-1.64
-0.94

*

-0.65
-0.70
-0.62

0.6347

20.77
22.07
23.58

*

Interactions
Rip. Veg. x Bank
0.5446
<.0001
*
<.0001
Rip. Veg. x Discharge
0.2188
0.9961
0.4398
*
Bank x Discharge
0.2522
0.8869
*
0.0020
Rip. Veg. x Bank x Discharge
0.1545
0.9947
0.0873
<.0001
* p-values are excluded when interaction effects are significant and interpretations of mean values must consider interaction
effects.
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widths, as measured from the local minima on either side of the maximum TKE value
in the near-bank region, were much greater in forested than in non-forested runs with
angled banks (Table 3.6, Figure 3.7). The mean shear layer width approximation in
forested, angled-bank runs was 36.7 cm, double the mean value for similar non-forested
runs (18.3 cm). In non-forested runs with vertical or undercut banks, there were no
local maximums at the interface of the floodplain and the main channel.
Table 3.6 Estimated bounds and width of the shear layer for the 6 experimental runs with angled
banks.

Non-forested

Riparian
Vegetation

Discharge
(L/s)
30
33
36

Forested

30
33
36

Cross-section

Local Minimum
- Floodplain (cm)

Local Minimum Main channel (cm)

Shear layer
width (cm)

A - A'
B - B'
A - A'
B - B'
A - A'
B - B'

65
65
60
65
60
60

85
85
75
85
75
80

20
20
15
20
15
20

A - A'

50

85

35

B - B'

50

80

30

A - A'

50

80

30

B - B'

50

85

35

A - A'

40

85

45

B - B'

40

85

45

Note: Local maxima of TKE occur at 70 cm in each run.

3.4.5. Boundary shear stress
Estimates of boundary shear stress in the near-bank region range from 15.91 Pa
to 62.81 Pa (Table 3.7). We have expressed boundary shear stress in terms of the
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Table 3.7 Mean velocities and boundary shear stresses in near-bank region of prototype channel.
Run
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18

Run description

U (m/s)

V (m/s)

W (m/s)

τp (Pa)

0.69
0.75
0.83
0.72
0.78
0.82
0.74
0.81
0.85
0.73
0.83
0.90
0.80
0.86
0.94
0.81
0.86
0.94

-0.03
-0.03
-0.01
-0.02
-0.01
-0.01
-0.03
-0.04
0.04
-0.06
-0.06
-0.05
-0.06
-0.06
-0.03
-0.10
-0.08
-0.09

0.01
0.02
0.01
0.02
0.02
0.02
0.01
0.01
0.00
0.00
-0.01
0.00
0.00
0.00
-0.01
-0.01
-0.02
-0.02

47.76
51.42
62.81
30.51
35.14
34.88
35.69
46.37
49.75
19.44
20.73
25.90
16.47
15.91
16.10
21.53
19.20
20.45

Forested, angled, 30 L/s
Forested, angled, 33 L/s
Forested, angled, 36 L/s
Forested, vertical, 30 L/s
Forested, vertical, 33 L/s
Forested, vertical, 36 L/s
Forested, undercut, 30 L/s
Forested, undercut, 33 L/s
Forested, undercut, 36 L/s
Non-forested, angled, 30 L/s
Non-forested, angled, 33 L/s
Non-forested, angled, 36 L/s
Non-forested, vertical, 30 L/s
Non-forested, vertical, 33 L/s
Non-forested, vertical, 36 L/s
Non-forested, undercut, 30 L/s
Non-forested, undercut, 33 L/s
Non-forested, undercut, 36 L/s

expected values in the prototype channel (W12), to facilitate comparisons with fieldbased measurements of typical critical boundary shear stresses of various bank
materials. Boundary shear stress was correlated with TKE results because of the direct
relationship between these two parameters (Equation 4, Figure 3.7). Boundary shear
stress was approximately two times higher in forested runs than in corresponding nonforested runs; and in forested runs, boundary shear stress was at a maximum in the
near-bank region.
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3.5. Discussion
Our results strongly suggest that near-bank turbulence during overbank flow
events could be enhanced in stream reaches transitioning from non-forested to forested
riparian vegetation. Forested runs and non-forested runs were differentiated by the
magnitude and patterns of TKE. In forested runs, a narrow band of high TKE values
formed longitudinally in the flow above the bank surface (Figure 3.4b), which
corresponded well with previous findings on the distribution of TKE throughout a
cross-section with a vegetated floodplain (Pasche and Rouve, 1985; Naot et al., 1996).
Nezu and Onitsuka (2001) found that turbulence intensity of the streamwise velocity
component and lateral Reynolds shear stresses were at a maximum at the interface of a
vegetated and non-vegetated zone in a flat-bottom channel. The orientation of the high
TKE band running parallel to the bank indicated that a highly turbulent shear layer
established at the interface of the floodplain and main channel. In non-forested runs, a
similar peak of TKE occurred along the bank surface, but it was much smaller than the
TKE values measured in forested runs. High TKE values were found on the floodplain
surface in non-forested runs likely due to bed shear (Table 3.2; Figure 3.4a). Similarly,
patterns in TKE at 0.6-depth versus near-bed depth suggested that TKE was driven
primarily by bed roughness in the non-forested runs, whereas in forested runs TKE was
elevated throughout the water column probably due to larger vortices forming along the
shear layer (Figure 3.7). Horizontal vortices at the interface of a vegetated and nonvegetated zone have been observed and mapped using high resolution velocity data in
flume experiments (Nezu and Onitsuka, 2001). Additionally in forested runs, flow
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separation caused by the dowels likely redirects high momentum fluid from the upper
portion of the water column down toward the bed.
High turbulence in the near-bank region should be a direct function of the
velocity difference (Tinkler, 1997) and the magnitude of the resulting shear (Tennekes
and Lumley, 1994) between the floodplain flow and the main channel flow. From
similar research results, we expected reduced velocities in the forested floodplain and,
consequently, a larger velocity differential as compared to the non-forested runs
(Tsujimoto, 1996; Nezu and Onitsuka, 2001). Contrarily, streamwise velocities were
not significantly reduced in the forested runs in the floodplain region when measured
at near-bed depths (Table 3.2). The added resistance of the dowels in forested runs may
have reduced floodplain velocities in the upper portion of the water column, but we
were unable to collect a velocity profile with our downward-facing probe. There was a
greater velocity differential for forested runs than non-forested runs between the nearbank and main channel regions; for forested runs, the difference in mean streamwise
velocities was nearly 8 cm/s, while for non-forested runs the difference was
approximately 4 cm/s (Table 3.3; Table 3.5).
Forested and non-forested runs exhibited differences in the spatial extent of the
shear layer. Estimated shear layer width was substantially larger in forested runs than in
non-forested runs (Table 3.6), extending from mid-floodplain into the main channel
(Figure 3.7b). Our observations of a pronounced peak of TKE values at approximately
70 cm laterally (Figures 3.4b and 3.7b), coupled with a wider shear layer in the forested
runs is likely a result of the energy cascade, where large vortices decay into
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progressively smaller vortices (Tritton, 1988). One of the interaction effects also
indicates the effect of greater momentum transfer; in forested runs, bank angle strongly
influenced TKE values in the main channel region, but had no such effect in nonforested runs (Figure 3.6f). This correlation of TKE values in the near-bank and main
channel regions in forested runs is likely due to the mixing caused by the energy
cascade.
3.5.1. Effects of discharge
The key result of the variable discharge runs was that although the magnitudes
of turbulence and velocities changed with discharge level, the pattern and distribution
of these parameters did not change. Therefore, we might expect the same hydraulic
effects given more frequent, smaller overbank flow events but smaller magnitudes
overall. In most cases, an increase in discharge corresponded with an increase in
streamwise velocities and TKE. A notable exception was observed with TKE in the
floodplain region. In non-forested runs, TKE decreased slightly with increasing
discharge, suggesting that the turbulence caused by the synthetic grass layer was
reduced with increasing water level. Conversely, in forested runs, where dowels were
persistent obstructions, TKE increased with increasing discharge, suggesting that
vortex shedding was apparently augmented with increased discharge.
3.5.2. Effects of bank angle
Three bank angles were included in the experimental design to simulate a
progression of bank erosion that might coincide with channel widening (i.e. from
angled to vertical to undercut). Although some researchers found that bank angle was
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not of great importance in experiments with a vegetated floodplain (Pasche and Rouve,
1985), bank angle was a significant factor in our results. With an angled bank,
streamwise velocities and TKE were maximized within the channel (Figures 3.6b, 3.6c,
3.6e-g), likely due to the small cross-sectional area. TKE was greater for undercut than
vertical banks (Figures 3.6e and 3.6g), because undercut banks likely promoted
additional turbulence from complex flow patterns around the overhanging obstruction.
Given that TKE in forested runs decreased significantly when the cross-sectional area
was increased (with vertical and undercut banks) and given that our experimental
channels were under-fit for a typical forested stream reach, we suspect that turbulence
will become less exaggerated as a forested stream reach widens to its equilibrium size.
A wider channel will decrease main channel flows due to its greater conveyance, which
will, in turn, decrease the velocity differential and associated shear with floodplain
flows.
3.5.3. Implications for channel widening
Exaggerated turbulence generated from a forested floodplain during overbank
flows may be a key driving mechanism responsible for differences in channel width in
stream reaches with different riparian vegetation. Because turbulence creates
instantaneous forces much greater than time-averaged values, sediment transport can
occur at flows where the time-averaged conditions are below the critical entrainment
threshold for sediments (Nelson et al., 1993; McLean et al., 1994; Roy et al., 1999).
When increased turbulence is coupled with high downstream velocities, entrainment
and transport of bank sediments are likely amplified (Thompson, 2004). Our
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experiment illustrated that when forested vegetation is added to the floodplain of a
small, previously non-forested stream, turbulence is strongly amplified along a wide
area between the floodplain and the main channel including the entire bank face (Figure
3.7b). This adds another feasible mechanism to the two predominant ideas that channel
widening in reforested reaches is a result of scour around LWD and bank weakness due
to the suppression of grassy and understory vegetation (Zimmerman et al., 1967;
Murgatroyd and Ternan, 1983; Davies-Colley, 1997; Trimble, 1997; 2004).
Researchers have attempted to quantify the role of turbulence in stream channel
erosion by incorporating measures of turbulence into estimations of boundary shear
stress (Kim et al., 2000; Biron et al., 2004; Daniels and Rhoads, 2004). Reach-averaged
boundary shear stress, although commonplace, does not account for the role of
turbulence, and methods that incorporate turbulence parameters may be more
appropriate in some applications (Hilldale and Papanicolaou, 2001; Biron et al., 2004;
Daniels and Rhoads, 2004). Hilldale and Papanicolaou (2001) assert that conditions for
bank erosion are under-predicted by the commonplace critical boundary shear stress
method. In our study, water depths were nearly equivalent in all runs (Table 3.1),
indicating that reach-averaged boundary shear stress would have been nearly
equivalent, as it is a function of the hydraulic radius and energy slope. Various methods
of estimating boundary shear stress were tested by Biron et al. (2004), and they found
that boundary shear stress estimated using TKE produced the best estimate in a
complex flow field around deflectors. In the Biron et al. (2004) study, patterns of bed
scour around deflectors most closely paralleled the distribution of boundary shear stress
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predicted by a relationship with TKE similar to Equation 4. Daniels and Rhoads (2004)
used a similar method to show correlation between boundary shear stress and both the
pattern of local bed scour around a LWD obstruction and the widening of a small
channel downstream from LWD.
Our estimates of boundary shear stress in W12 indicated that modeled overbank
flows would exceed the critical boundary shear stress of some streambank materials.
Although in situ measurements of critical boundary shear stresses along the banks of
W12 were not available, measured values of critical boundary shear stresses have been
published for bank materials in southwestern Virginia and range from 0 Pa to 21.9 Pa
(Wynn and Mostaghimi, 2006). Even the most resistant banks measured in the Wynn
and Mostaghimi (2006) study would not be able to withstand the boundary shear
stresses of the forested runs projected from our results. Inquiry into expected bank
erosion is beyond the scope of this study; however, estimates of boundary shear stress
indicate a conducive environment for bank erosion and for the initiation of channel
widening.
Results from the quadrant analysis may begin to describe how the flow
dynamics could promote erosion of the bank surface. The flow dynamics attributed to
scour or sediment entrainment along a stream bed have been more widely investigated,
and, commonly, the initiation of sediment movement is attributed to sweeps of fluid
(Best, 1993; Biron et al., 1993; Buffin-Belanger and Roy, 1998; Papanicolaou et al.,
2001). Sweeps occur when higher than average streamwise velocities are coupled with
vertical velocities directed toward the bed (u'>0, w'<0; Best, 1993), and they have been
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associated with bed scour at channel confluences (Biron et al., 1993) and pebble
clusters (Buffin-Belanger and Roy, 1998). We suspect that bank scour might be
similarly associated with higher than average streamwise velocities coupled with lateral
velocities directed into the bank (u'>0, v'>0; quadrant 1 in Table 3.4). Our quadrant
analysis showed that along the bank face, quadrant 1 events were predominant in
percentage of time and had a greater mean Reynolds shear stress than quadrants 2
(u'<0, v'>0) or 4 (u'>0, v'<0). Experiments with erodible beds and banks would be
needed to demonstrate whether this particular flow characteristic might initiate
streambank erosion.
Finally, our investigation of near-bank turbulence suggests that streambanks
might become more susceptible to erosion with the introduction of forested vegetation;
however, we cannot make direct conclusions about bank stability as this study did not
investigate the resistive forces. Although bank stability depends on many different
factors, forest vegetation in small streams is often recognized for strengthening banks
and slowing channel migration (Stott, 1997; Parkyn et al., 2003; Allmendinger et al.,
2005). Given the results of previous studies, we suspect that the high turbulent shear
layer phenomenon observed in this study is a process that would operate only during
overbank floods and only for a finite time period. Intermittent overbank flows in
streams where forested riparian vegetation is being recolonized or replanted could
promote a shift in channel size from the narrow, non-forested equilibrium to a new,
wider equilibrium. Over time, we suspect that the widened stream with mature forested
riparian vegetation will reach a dynamic equilibrium because velocities and shear
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stresses will become reduced with the stream's larger capacity. Other processes may
function to maintain mature forested reaches in a wider equilibrium and non-forested
reaches in a narrower equilibrium, such as described in the model of Allmendinger et
al. (2005). Allmendinger et al. (2005) found rates of deposition and lateral migration to
be higher in non-forested reaches than in forested reaches, and they suggest that
equilibrium widths develop to equalize rates of cutbank erosion and vegetationmediated rates of deposition on active floodplains.
3.5.4. Future work
Our results put forth an unacknowledged potential mechanism for channel
widening in response to reforestation of riparian areas; however, many aspects of the
channel widening phenomenon remain unresolved. Of all the theorized driving
mechanisms, we do not know which are significant or how they might interact. Next
steps for experimental work might include testing with erodible beds and banks to
investigate whether boundary shear stress based on TKE is an appropriate estimation,
to explore how bank morphology might respond and interact with the turbulent flow
field, and to examine whether forested channels might reach an equilibrium size.
Moreover, field-based studies are needed to confirm whether experimental results are
valid in real streams and to further explore the complexities that cannot be duplicated in
a flume experiment such as seasonal effects, unsteady flow regimes, and other natural
conditions.
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3.6. Conclusion
Results of a series of flume experiments simulating stream reaches in transition
from non-forested to forested riparian vegetation showed that turbulence generation
during overbank flow events may be exacerbated when forested riparian vegetation is
introduced. Our flume experiment was a first step to identify the turbulence patterns in
overbank flows, with the marked simplification of a fixed bed. Because enhanced
turbulence along the bank interface creates instantaneous forces much greater than
time-averaged values, boundary shear stresses capable of entraining and transporting
sediment are likely amplified. Estimations of boundary shear stress based on TKE
illustrated that modeled flows would likely exceed the critical boundary shear stress of
some bank materials. Other results such as the location of high turbulence, the spatial
extent of the turbulence, and patterns in Reynolds shear stresses in forested runs
illustrated additional facets of the hydraulic conditions that could initiate bank erosion.
Results confirm that this potential driving mechanism for channel widening should be
added to the set of plausible theories concerning the morphologic differences between
forested and non-forested reaches of small streams, while recognizing that further
testing of this mechanism and the aforementioned theories is necessary.
3.7. Acknowledgements
Research was supported in part by the National Science Foundation Graduate
Fellowship Program, a graduate research assistantship from the Vermont Experimental
Program to Stimulate Competitive Research (VT EPSCoR, EPS0236976), and a student
equipment grant from NortekUSA. We thank Tracy Owen, Andrea Pearce, Floyd

104

Vilmont, and Jeff Buzas for their essential help with flume construction, data
collection, and data analysis. This paper improved substantially thanks to the helpful
reviews of Jim Pizzuto and an anonymous reviewer.

105

3.8. References
Albers, J. 2000. Hands on the Land: A History of the Vermont Landscape. MIT Press:
Cambridge, MA.
Allmendinger NE, Pizzuto JE, Potter N, Johnson TE, Hession WC. 2005. Riparian
vegetation and width adjustment in laterally migrating rivers of eastern
Pennsylvania, U.S.A. Geological Society of America Bulletin 117: 229-243.
Anderson RJ, Bledsoe BP, Hession WC. 2004. Stream and river channel width response
to riparian vegetation, bank material texture, and other factors. Journal of the
American Water Resources Association 40: 1159-1172.
Bennett SJ, Alonso CV. 2003. Physically modeling stream channel adjustment to
woody riparian vegetation. EOS Transactions AGU 84: Abstract H52A-1171.
Best JL. 1993. On the interactions between turbulent flow structure, sediment transport
and bedform development: Some considerations from recent experimental
research. In Turbulence: Perspectives on Flow and Sediment Transport, Clifford
NJ, French JR, Hardisty J (eds). John Wiley & Sons: Chichester; 61-92.
Biron PM, De Serres B, Roy AG, Best JL. 1993. Shear layer turbulence at an unequal
depth channel confluence. In Turbulence: Perspectives on Flow and Sediment
Transport, Clifford NJ, French JR, Hardisty J (eds). John Wiley & Sons:
Chichester; 197-214.
Biron PM, Robson C, Lapointe MF, Gaskin SJ. 2004. Comparing different methods of
bed shear stress estimates in simple and complex flow fields. Earth Surface
Processes and Landforms 29: 1403-1415.
Bradshaw P, Ferris DH, Atwell NP. 1967. Calculation of boundary-layer development
using the turbulent energy equation. Journal of Fluid Mechanics 28: 593-616.
Buffin-Belanger T, Roy AG. 1998. Effects of a pebble cluster on the turbulent structure
of a depth-limited flow in a gravel-bed river. Geomorphology 25: 249-267.
Chanson H. 1999. The Hydraulics of Open Channel Flow. Arnold: London.
Charlton FG, Brown PM, Benson RW. 1978. The hydraulic geometry of some gravel
rivers in Britain: Wallingford, England. Hydraulics Research Station,
Wallingford, England.
Clifford NJ, French JR. 1993. Monitoring and modelling turbulent flows: Historical and
contemporary perspectives. In Turbulence: Perspectives on Flow and Sediment

106

Transport, Clifford NJ, French JR, Hardisty J (eds). John Wiley & Sons:
Chichester; 1-34.
Daniels MD, Rhoads BL. 2004. Spatial pattern of turbulence kinetic energy and shear
stress in a meander bend with large woody debris. In Riparian Vegetation and
Fluvial Geomorphology, Bennett SJ, Simon A (eds). American Geophysical
Union: Washington, D.C.; 87-98.
Darby SE. 1999. Effect of riparian vegetation on flow resistance and flood potential.
Journal of Hydraulic Engineering-Asce 125: 443-454.
Davies-Colley RJ. 1997. Stream channels are narrower in pasture than in forest. New
Zealand Journal of Marine and Freshwater Research 31: 599-608.
Garcia MH, Lopez F, Dunn C, Alonso CV. 2004. Flow, turbulence, and resistance in a
flume with simulated vegetation. In Riparian Vegetation and Fluvial
Geomorphology, Bennett SJ, Simon A (eds). American Geophysical Union:
Washington, D.C.; 11-28.
Gran K, Paola C. 2001. Riparian vegetation controls on braided stream dynamics.
Water Resources Research 37: 3275-3283.
Gregory KJ, Gurnell AM. 1988. Vegetation and river channel form and process. In
Biogeomorphology, Viles HA (ed). Blackwell: Oxford; 11-42.
Gregory SV, Swanson FJ, McKee WA, Cummins KW. 1991. An Ecosystem
Perspective of Riparian Zones: Focus on links between land and water. Bioscience
41: 540-551.
Hession WC. 2001. Riparian forest and urban hydrology influences on stream channel
morphology: Implications for restoration. In World Water and Environmental
Resources Congress. Phelps D, Sehlke G (eds). American Society of Civil
Engineers, Reston, VA.
Hession WC, Johnson TE, Charles DF, Hart DD, Horwitz RJ, Kreeger DA, Pizzuto JE,
Velinsky DJ, Newbold JD, Cianfrani C, Clason T, Compton AM, Coulter N,
Fuselier L, Marshall BD, Reed J. 2000. Ecological benefits of riparian
reforestation in urban watersheds: Study design and preliminary results.
Environmental Monitoring and Assessment 63: 211-222.
Hession WC, Pizzuto JE, Johnson TE, Horwitz RJ. 2003. Influence of bank vegetation
on channel morphology in rural and urban watersheds. Geology 31: 147-150.
Hey RD, Thorne CR. 1986. Stable channels with mobile gravel beds. Journal of
Hydraulic Engineering 112: 671-689.

107

Hilldale R, Papanicolaou A. 2001. Characteristics of flow and erosion in a natural
stream with loess-type banks. In Proceedings of the Seventh Federal Interagency
Sedimentation Conference. U.S. Subcommittee on Sedimentation, Reno, NV.
Ikeda S, Kanazawa M. 1996. Three-dimensional organized vortices above flexible
water plants. Journal of Hydraulic Engineering 122: 634-640.
JMP. 2002. JMP Statistics and Graphics Guide. SAS Institute: Cary, NC.
Johnson CG, Laraway GA. 1971. Flood Magnitude and Frequency of Small
Massachusetts Streams. USGS, Washington, D.C.
Kim SC, Friedrichs CT, Maa JPY, Wright LD. 2000. Estimating bottom stress in tidal
boundary layer from acoustic Doppler velocimeter data. Journal of Hydraulic
Engineering-Asce 126: 399-406.
Lane SN, Biron PM, Bradbrook KF, Butler JB, Chandler JH, Crowell MD, McLelland
SJ, Richards KS, Roy AG. 1998. Three-dimensional measurement of river
channel flow processes using acoustic Doppler velocimetry. Earth Surface
Processes and Landforms 23: 1247-1267.
Lu SS, Willmarth WW. 1973. Measurement of the structure of the Reynolds stress in a
turbulent boundary layer. Journal Of Fluid Mechanics 60: 481-511.
McBride M, Hession WC, Thompson DM. 2005. Riparian vegetation influence on
channel widths of small streams: Revisiting Sleepers River. In Managing
Watersheds for Human and Natural Impacts. Moglen GE (ed). American Society
of Civil Engineers, Williamsburg, VA.
McClelland SJ, Ashworth PJ, Best JL. 1996. The origin and downstream development
of coherent flow structures at channel junctions. In Coherent Flow Structures in
Open Channels, Ashworth PJ, Bennett SJ, Best JL, McClelland SJ (eds). John
Wiley & Sons: Chichester; 459-489.
McLean SR, Nelson JM, Wolfe SR. 1994. Turbulence structure over 2-dimensional bed
forms - Implications for sediment transport. Journal Of Geophysical ResearchOceans 99: 12729-12747.
Murgatroyd AL, Ternan JL. 1983. The impact of afforestation on stream bank erosion
and channel form. Earth Surface Processes and Landforms 8: 357-369.
Naot D, Nezu I, Nakagawa H. 1996. Hydrodynamic behavior of partly vegetated open
channels. Journal of Hydraulic Engineering-Asce 122: 625-633.

108

Nelson JM, McLean SR, Wolfe SR. 1993. Mean flow And turbulence fields over 2dimensional bed forms. Water Resources Research 29: 3935-3953.
Nezu I. 2005. Open-channel flow turbulence and its research prospect in the 21st
century. Journal of Hydraulic Engineering-Asce 131: 229-246.
Nezu I, Onitsuka K. 2001. Turbulent structures in partly vegetated open-channel flows
with LDA and PIV measurements. Journal Of Hydraulic Research 39: 629-642.
Papanicolaou AN, Diplas P, Dancey CL, Balakrishnan M. 2001. Surface roughness
effects in near-bed turbulence: Implications to sediment entrainment. Journal of
Engineering Mechanics 127: 211-218.
Parkyn SM, Davies-Colley RJ, Halliday NJ, Costley KJ, Croker GF. 2003. Planted
riparian buffer zones in New Zealand: Do they live up to expectations?
Restoration Ecology 11: 436-447.
Pasche E, Rouve G. 1985. Overbank flow with vegetatively roughened flood plains.
Journal of Hydraulic Engineering-Asce 111: 1262-1278.
Rosgen D. 1996. Applied River Morphology. Wildland Hydrology: Pagosa Springs,
CO.
Roy AG, Biron PM, Buffin-Belanger T, Levasseur M. 1999. Combined visual and
quantitative techniques in the study of natural turbulent flows. Water Resources
Research 35: 871-877.
Shiono K, Knight DW. 1991. Turbulent open-channel flows with variable depth across
the channel. Journal Of Fluid Mechanics 222: 617-646.
Smith CR. 1996. Coherent flow structures in smooth-wall turbulent boundary layers:
Facts, mechanisms, and speculation. In Coherent Flow Structures in Open
Channels, Ashworth PJ, Bennett SJ, Best JL, McClelland SJ (eds). John Wiley &
Sons: Chichester; 1-39.
Stott T. 1997. A comparison of stream bank erosion processes on forested and
moorland streams in the Balquhidder Catchments, Central Scotland. Earth
Surface Processes and Landforms 22: 383-399.
Sweeney BW. 1992. Streamside forests and the physical, chemical, and trophic
characteristics of piedmont streams in eastern North America. Water Science and
Technology 26: 2653-2673.
Sweeney BW, Bott TL, Jackson JK, Kaplan LA, Newbold JD, Stanley LJ, Hession WC,
Horwitz RJ. 2004. Riparian deforestation, stream narrowing, and loss of stream

109

ecosystem services. Proceeding of the National Academy of Sciences 101: 1413214137.
Tennekes H, Lumley JL. 1972. A First Course in Turbulence. The MIT Press:
Cambridge, Massachusetts.
Thompson D, Wohl E. 1998. Flume experimentation and simulation of bedrock channel
processes. In Rivers Over Rock: Fluvial processes in Bedrock Channels, Tinkler
KJ, Wohl EE (eds). American Geophysical Union: Washington, D.C; 279-296.
Thompson DM. 2004. The influence of pool length on local turbulence production and
energy slope: A flume experiment. Earth Surface Processes and Landforms 29:
1341-1358.
Thompson DM. 2007. Turbulence characteristics in a shear zone downstream of a
channel constriction in a coarse-grained pool. Geomorphology 83: 199-214.
Tinkler KJ. 1997. Critical flow in rockbed streams with estimated values for Manning's
n. Geomorphology 20: 147-164.
Trimble SW. 1997. Stream channel erosion and change resulting from riparian forests.
Geology 25: 467-469.
Trimble SW. 2004. Effects of riparian vegetation on stream channel stability and
sediment budgets. In Riparian Vegetation and Fluvial Geomorphology, Bennett
SJ, Simon A (eds). American Geophysical Union: Washington, D.C.; 153-170.
Tritton DJ. 1988. Physical Fluid Dynamics. Clarendon Press: Oxford.
Tsujimoto T. 1996. Coherent fluctuations in a vegetated zone of open-channel flow:
Causes of bedload lateral transport and sorting. In Coherent Flow Structures in
Open Channels, Ashworth PJ, Bennett SJ, Best JL, McClelland SJ (eds). John
Wiley & Sons: Chichester; 375-396.
Vermont Agency of Transportation (VTAOT). 1998. Hydraulics Manual. Vermont
Agency of Transportation, Montpelier.
Wahl TL. 2000. Analyzing ADV data using WinADV. In Proceedings of the 2000 Joint
Conference on Water Resources Engineering and Water Resources Planning and
Management. Hotchkiss RH, Glade M (eds). American Society of Civil
Engineers, Minneapolis, MN.
Wormleaton PR. 1996. Floodplain secondary circulation as a mechanism for flow and
shear stress redistribution in straight compound channels. In Coherent Flow

110

Structures in Open Channels, Ashworth PJ, Bennett SJ, Best JL, McClelland SJ
(eds). John Wiley & Sons: Chichester; 581-608.
Wynn T, Mostaghimi S. 2006. The effects of vegetation and soil type on streambank
erosion, southwestern Virginia, USA. Journal of the American Water Resources
Association 42: 69-82.
Zar JH. 1999. Biostatistical analysis. Prentice Hall: Upper Saddle River, N.J.
Zimmerman RC, Goodlett JC, Comer GH. 1967. The influence of vegetation on
channel form of small streams. In Symposium on River Morphology. International
Association of Scientific Hydrology, Bern.

111

CHAPTER 4: RIPARIAN FOREST AGE CLASSIFICATION
METHODOLOGY USING LIDAR AND DISCRIMINANT ANALYSIS
4.1. Abstract
Light detection and ranging (LiDAR) data from Chittenden County, Vermont
were analyzed to develop a method to remotely classify riparian zones into broad
classes of forest type and age. Geospatial characteristics of LiDAR data in forested
areas were explored using semivariogram analysis and guided the formation of LiDARbased metrics in a geographic information system (GIS). LiDAR-based metrics were
used to quantify the vegetation height values and their variance at various scales.
LiDAR-based metrics were then used in two discriminant analysis procedures that
distinguished: 1) forest type as deciduous or coniferous; and 2) forest age in four age
classes (“<10 yr”, “30 yr”, “50 yr”, and “>70 yr”). With the resulting linear
discriminant functions, a GIS-based classification method was developed. The
classification method was highly successful at determining forest type (81% correct
classification), but only moderately successful at determining forest age (60% correct
classification) when tested in the forested riparian zones along Lee River and some of
its tributaries. Ultimately, the classification tool could be used to automate the
identification of stream reaches with different ages of riparian forest. Once identified,
these stream reaches could be measured via ground-based surveys to investigate
channel response to riparian reforestation as a function of time.
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4.2. Introduction
Laser altimetry, or light detection and ranging (LiDAR), is a relatively new
remote sensing technology used to collect detailed topographic information, as well as
the surface height of objects, at high density over large areas. The development of
LiDAR technology began in the late 1960s, but not until 1993 was the first commercial
LiDAR topographic mapping system available (NOAA, 2006). Given the substantial
cost to acquire LiDAR, available data are not widespread. For example, in Vermont,
LiDAR data are only available for limited portions of Chittenden County. This paper
describes the development of a method to classify riparian forest areas into broad age
categories using LiDAR data and a two-step discriminant analysis (DA) procedure.
Airborne LiDAR is a technique that uses a sensor mounted on a low-flying
aircraft to determine distances by recording the length of time required for an emitted
laser pulse to travel to and return from a target object (Lim et al., 2003). The LiDAR
sensor is integrated with an on-board global positioning system (GPS) and inertial
measurement unit (IMU) to provide latitudes (x), longitudes (y), and elevations (z) for
target surfaces (Bowen and Waltermire, 2002). In general, sub-meter accuracy can be
achieved for x, y positions, and the vertical accuracy is approximately 15 cm (NOAA,
2006); however, the accuracy of the topographic surface derived from LiDAR can be
compromised in areas with highly variable terrain and dense vegetation cover (Cobby
et al., 2001). Most LiDAR sensors are discrete-return devices that measure a small
number of distances by identifying 2 to 5 discrete objects in the path of the laser
(Lefsky et al., 2002).
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Applications of LiDAR technology are as diverse as estuary mapping (French,
2003), bird population modeling (Bradbury et al., 2005; Davenport et al., 2000), and
extra-terrestrial mapping (Kreslavsky and Head, 1999). In the field of fluvial
geomorphology, the most useful applications of LiDAR include topographic mapping
and information on vegetative cover. Fluvial geomorphologists continue to explore the
uses and advantages of LiDAR data. LiDAR was successfully used within river
corridors to generate topographic information for geomorphology of streams and rivers
(Bowen and Waltermire, 2002; Charlton et al., 2003), and for floodplain delineation
(Omer et al., 2003), river cross-sectional analysis (Charlton et al., 2003), and mapping
coastal erosion patterns (Woolard and Colby, 2002). The success of these research
efforts illustrated that LiDAR may be able to estimate channel dimensions remotely,
offering a cost and time-savings advantage to traditional surveying techniques (Bowen
and Waltermire, 2002).
LiDAR has proved useful in the fields of forestry and ecology because of its
ability to estimate vegetation structural attributes such as vegetation height, cover,
canopy structure, leaf area index, and aboveground biomass (Lefsky et al., 2002;
Lefsky et al., 2005; Tickle et al., 2006; Zimble et al., 2003). Initial studies were often
focused on a single parameter (e.g. canopy tree height) and compared LiDAR heights
with ground-based estimates of canopy height (Naesset, 1997; Nelson et al., 1988;
Nilsson, 1996). Other parameters such as stand volume and stand age class require
more complex analysis of LiDAR data. For example, estimated stand volume is a
function of: 1) the waveform area for a laser return; 2) the LiDAR vegetation height;
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and 3) the total number of LiDAR returns in a single plot (Nilsson, 1996). The age class
of forest stands can be distinguished considering vegetation height, the variability of
the canopy surface, and the heights of understory vegetation (Lefsky et al., 1999).
The objective of this paper was to develop a classification tool to identify
riparian areas of different ages in a simple and expedient way. Although historic aerial
photographs can be used to roughly determine the age of different stands of forest, the
interpretation, scanning, and georeferencing of multiple sets of aerial photographs is a
time-consuming effort and coverage can be incomplete both spatially and temporally.
The ultimate goal of the classification tool is to identify stream reaches having different
ages of riparian forest. Once identified, these stream reaches can be assessed through
ground-based surveys to consider the morphological response to riparian reforestation
as a function of time. The specific aims of the study were to: 1) analyze geospatial
statistics of the vertical height data for different forest types and ages; 2) investigate the
potential of using LiDAR-derived metrics to classify forested riparian zones by forest
type and age; and 3) develop a methodology for mapping riparian forest age at a
landscape scale.
4.3. Methods
4.3.1. Study area
Chittenden County is Vermont’s most populous county, yet roughly 50 percent
of the county is undeveloped (CCRPC, 2006). Chittenden County is located in the
Champlain Lowlands, a long valley of rolling topography bordered by the Green
Mountains to the east and Lake Champlain to the west, sitting atop a geologic base of
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sedimentary rock (Albers, 2000). Reforestation has occurred in Chittenden County as it
has throughout Vermont. More than 70% of Vermont is currently forested, but less than
30% of Vermont was forested in the late 1800s (Albers, 2000). Although
predominantly forested, Vermont’s long agricultural history has altered the composition
and structure of forested areas, including riparian zones (Copeland, 2006). Two areas
within Chittenden County were selected as test regions for this work: Potash Brook in
South Burlington and Lee River, near Jericho, Vermont (Figure 4.1). Riparian areas of
a forested section of Potash Brook were investigated for spatial patterns in LiDAR data
because a mature mixed forest area was adjacent to a young deciduous forest (Figure
4.2). The mature riparian forest of Potash Brook is held as a natural area by the
University of Vermont and is at least 70 years old. A randomly-selected 7 km2 area
encompassing the Lee River served as a test region to develop LiDAR-derived metrics

Figure 4.1 Study areas.
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and a riparian forest classification tool. Aerial photographs provided the “ground-truth”
data with which the classification was tested. Although extensive information on
selected riparian forest stands in Chittenden County is available from field surveys
(Copeland, 2006), forest age data has not been gathered, to our knowledge.

Figure 4.2 Section of Potash Brook in 2004 (A) and 1937 (B).

4.3.2. LiDAR data collection
LiDAR data were collected during 3 sorties over 2 days on January 28 and 29,
2004 by EarthData International (Frederick, MD). The laser scanning data were
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acquired with a Leica ALS40 sensor flown at an average mission altitude of 1829 m
with a scan rate of 20 Hz, a 45 degree field of view, and 3 m post-spacing (i.e.,
anticipated grid resolution). The processed data were delivered in a bare-earth digital
elevation model (DEM) with 3.2 m spacing and a collection of reflective surface points
(first returns) with irregular, sub-meter spacing. The LiDAR data were produced to be
fully compliant with Federal Emergency Management Agency (FEMA) guidelines,
specifically a 16-18 cm vertical accuracy in homogenous unambiguous terrain prior to
the removal of first return data. LiDAR data were provided in the State Plane
coordinate system, zone 4400, NAD 1983, NAVD 1988. Relative heights of the first
returns were determined by subtracting the most proximal bare earth DEM elevation
point from each first return, hereafter referred to as height data.
4.3.3. Spatial structure of height data
The spatial patterns of height data in selected forested areas of Chittenden
County were investigated using semivariogram analyses to guide the development of
LiDAR-based metrics.
4.3.3.1. Semivariogram description
Semivariogram analysis is well-suited for remotely-sensed data that are
commonly collected at high resolution and exhibit strong spatial autocorrelation
(Curran, 1988). Semivariograms were created using the methods described in Isaaks
and Srivastava (1989). The experimental semivariogram γ(h) can be described as the
average dissimilarity between pairs of data separated by a distance h, and it is
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computed as half the average square distance between the components of every data
pair:

γ (h) =

1 N (h)
[ z (uα ) − z (uα + h)]2 ,
∑
2 N (h) α =1

(4.1)

where N(h) is the number of data pairs for a given distance h, uα is the vector of spatial
coordinates of the αth observation, and z(uα) is the value of the parameter of interest at
location uα (Goovaerts, 1998; Journel and Huijbregts, 1978). Semivariograms identify 3
key parameters: 1) the range, the maximum distance over which data pairs exhibit
spatial autocorrelation; 2) the sill, the semivariance beyond the range where data pairs
are no longer spatially correlated; and 3) the nugget, the semivariance for samples
measured at the same location, roughly interpreted as a measure of error and the
variation not due to spatial effect.
4.3.3.2. Semivariogram analysis
Experimental semivariograms were constructed for three forest types (mature
coniferous, mature deciduous, and young deciduous) identified by aerial photograph
interpretation in the riparian forests of Potash Brook. Two circular regions in each
forest type were randomly selected. Each region had a 16 m diameter from which
height and location data were exported from GIS to Matlab (Mathworks, Natick, MA).
The semivariance between all data pairs was calculated within Matlab.
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4.3.4. Development of forest classification tool
4.3.4.1. Aerial photograph analysis
Within a 7 km2 test region, a series of 4 aerial photographs and 2
orthophotographs were collected and interpreted to identify forested stands of different
ages. Aerial photographs from 1937, 1962, 1974, and 1988 were scanned and
georeferenced to 1999 orthophotographs (Table 4.1). Georeferencing was completed
within ArcGIS software (ESRI, Redlands, CA) with a second-order polynomial
transformation such that root-mean-square errors were less than 10 m. Orthophotographs from 1999 and 2004 provided the most recent imagery of the test region.
For each photograph year, we identified locations of new forest stands that were not
present in the previous photograph year, but still present in the 2004 photographs. For
the 1937 search, we identified what appeared to be mature forested areas that have
remained forested through 2004. We excluded forest stands that we interpreted to be
orchards or a managed planting. Randomly-selected circular regions in the forest stands
of each photograph year were digitized on-screen. In total, from all photograph years,
77 regions were available for our analysis (Table 4.2). Each region was classified as
either deciduous, coniferous, or mixed forest via interpretation of the 2004 color
orthophotographs. Because the 2004 orthophotographs were captured early in the
growing season, it was possible to distinguish deciduous and coniferous trees.
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Table 4.1 Aerial photograph information.
Photo
year
1937
1962
1974
1988
1999
2004

Type
Aerial
Aerial
Aerial
Aerial
Ortho
Ortho

Date
August, 1937
April, 1962
April - May, 1974
April - May, 1988
Various 1994 - 2000
May 1, 2004

Scale
1:20,000
1:18,000
1:20,000
1:30,000
1:5,000
1:1,250

Source
USDA, Soil Conservation Service
State of Vermont
State of Vermont
Vermont Mapping Program
Vermont Mapping Program
Vermont Mapping Program

Table 4.2 Number of data regions by forest age and type.
Forest
age
<10 yr
30 yr
50 yr
>70 yr
Totals

Photo years
1999, 2004
1974, 1988
1962
1937

Coniferous
1
2
6
7

Mixed
3
13
6
6

Deciduous
11
13
6
3

Totals
15
28
18
16

16

28

33

77

4.3.4.2. Generation of LiDAR metrics
Seven LiDAR metrics were derived for the data regions within the Lee River
test area to capture differences in canopy height and the variance of height data with
simple calculations within ArcGIS. Three metrics focused on canopy height by taking
the mean, maximum, and sum of height data within each 16-m circular region (metrics:
MEAN, MAX, and SUM). The other four metrics parameterized the variance and
spatial autocorrelation of the height data and were constructed to quantify the
differences observed in the semivariogram analyses. These metrics were calculated as
the variance of all height data within specified distances from the centroid of each 16-m
circular region. For example, metric VAR2 is calculated as the variance of all height
data within a 2-m circular window surrounding the centroid. Metrics VAR4, VAR8,
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and VAR16 are calculated similarly with the number corresponding to the 4-m, 8-m,
and 16-m window radius size, respectively.
The distributions of the LiDAR metrics were investigated with normal
probability plots and tested with the Shapiro-Wilk test using JMP version 5.0.1.2
software (SAS Institute, Inc., Cary, NC). MEAN, MAX, and SUM metrics of the 77
regions were all normally distributed. VAR2, VAR4, VAR8, and VAR16 all exhibited
strong skewness and were log transformed prior to further analysis. Hereafter, metrics
referred to as VAR2, VAR4, VAR8, and VAR16 are the log transforms of the original
variance values.
4.3.4.3. Discriminant analysis
A two-step discriminant analysis (DA) of the 7 LiDAR metrics was performed
to first discriminate forest type, followed by forest age. Because both the
semivariogram analysis and the initial review of the LiDAR metrics illustrated
substantial differences between coniferous and deciduous forests, our first DA was used
to distinguish between coniferous and deciduous forest. We used 48 of the 77 regions
identified as coniferous or deciduous, and 29 mixed forest regions were withheld from
this portion of the analysis. The variables included in the DA were chosen using
backward stepwise selection with a threshold p-value of 0.30. Variables were added to
the analysis if the F statistic produced a p-value less than 0.30, as recommended by
Afifi et al. (2004). The forest type DA procedure involved 5 metrics: MEAN, SUM,
VAR2, VAR4, VAR16. Linear discriminant functions were produced in SAS version
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8.1 (SAS Institute, Inc., Cary, NC) using proportional prior probabilities and the pooled
covariance matrix.
The second DA was conducted to discriminate forest age among the data
regions, and it was preceded by two preliminary steps. First, the 29 mixed-forest
regions were classified as coniferous or deciduous using the first set of linear
discriminant functions. Second, the forest-age data were grouped into 4 categories to
simplify the analysis and the irregular temporal frequency of the aerial photographs.
New forest stands identified from 1999 and 2004 photographs were lumped into the
“<10 yr” category (although these forest stands could have started to regenerate as early
as 1989). Forest stands identified in the 1988 and 1974 photographs were lumped into a
“30 yr” category. Again the “30 yr” forest could feasibly have any age between 19 and
44 years. Forest stands selected from the 1962 and 1937 photograph years were
renamed “50 yr” and “>70 yr”, respectively. We then conducted a DA on forest age
separately for the deciduous (n = 54) and coniferous data points (n = 23). An identical
DA procedure, as described above, was followed (i.e. backward stepwise, p = 0.30).
For the deciduous DA, four variables were selected: MEAN, MAX, SUM, and VAR16.
For the coniferous DA, five variables were selected: MEAN, MAX, SUM, VAR4, and
VAR8.
4.3.4.4. Test of classification functions
The linear discriminant functions were executed and tested along the riparian
buffers of the Lee River and its tributaries within the original test region. A 30 m wide
buffer was delineated around segments of the Lee River and several tributaries using
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ArcGIS (Figure 4.4). Non-forested portions of the 30 m buffer areas were excluded
from the test and identified as areas where the mean height was less than 1 m within a
3-m moving window. This grid-based function essentially divided the 30 m buffer area
into 2 m grid cells classified as either forest or non-forest. Next, we identified only
those forest cells with at least a 16-m circular area of contiguous forest. This step
produced over 10,000 cells of riparian forest to test our two-step riparian forest
classification. For these grid cells, we computed the 7 LiDAR metrics, which resulted
in 7 grid layers having a 2-m cell size. Using the raster calculator feature of
ArcGIS/Spatial Analyst, we calculated the discriminant values for coniferous and
deciduous forest with Equations 4.2 and 4.3 (section 4.4.2.), respectively. This cell-bycell calculation allowed us to create a grid layer classified as coniferous and deciduous
forest within the riparian buffer. Next, we repeated the use of the raster calculator with
the forest age discriminant functions, using a separate set of functions for the deciduous
and coniferous forest areas. Visual inspection of the aerial photograph series
determined whether grid cells were correctly classified by forest age. The most current
forest type was determined from the 2004 color orthophotographs.
4.4. Results
4.4.1. Semivariogram analysis
Three semivariograms from mature coniferous, mature deciduous, and young
deciduous forest plotted together displayed marked differences (Figure 4.3). The most
obvious differences were the higher overall semivariance of the mature forests, and
coniferous forest had the highest semivariance of all types. The increased semivariance
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Figure 4.3 Experimental semivariograms for forest stands in Potash Brook riparian area.

values for mature forests at a range of less than 2.5 m demonstrated that data pairs
separated by distances less than 2.5 m may be less correlated. Mature coniferous forest
appeard to have a range of de-correlation of approximately 5 m, where the
semivariance plateaus at a sill value of approximately 125 m2. Mature deciduous forest
appeared to reach a sill value of 100 m2 at a 15 m range distance. The semivariogram
results of the young deciduous forest indicated that the height data were more
homogenous and exhibited little to no spatially autocorrelation. The young deciduous
forest had a sill value of 20 m2, substantially smaller than the sill values of the mature
forests. Similar to the mature deciduous forest, in young deciduous forest, the variation
was greatest between the most closely spaced LiDAR first returns (i.e. range distance
less than 2.5 m).
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4.4.2. Discriminant analysis
The DA for forest type using 5 of the 7 LiDAR metrics was successful. Only
one of the data points from a coniferous forest area was misclassified as deciduous
(Table 4.3). The DA produced the following linear discriminant functions:

Lcon = −0.105MEAN + 0.003SUM − 0.416VAR 2 − 5.145VAR 4 + 5.733VAR16 − 15.751

(4.2)

Ldec = −0.982 MEAN + 0.0003SUM − 0.987VAR 2 − 2.428VAR 4 + 8.525VAR16 − 15.629 (4.3)

Table 4.3 Predicted results from the forest type DA (actual rows vs. predicted columns).
Predicted
Coniferous Deciduous

Totals

Coniferous
Deciduous

15
0

1
32

16
32

Totals

15

33

48

The DA for forest age was moderately successful for both deciduous and
coniferous areas. Linear discriminant functions for the 4 age groups were produced in a
similar form to Equations 4.2 and 4.3; the coefficients for the metric variables are
provided in Table 4.4. The DA, performed for predominantly coniferous areas, had a
78.3% correct classification rate and performed best for the three youngest age classes
(Table 4.5). The DA for deciduous areas had a 74.1% correct classification rate due to
its inablility to correctly classify most of the 50 yr forest stands (Table 4.6).
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Table 4.4 Coefficients for linear discriminant functions for deciduous and coniferous forest.
Forest age class
30 yr
50 yr

Forest type

Metric

< 10 yr

>70 yr

Deciduous

Constant
MEAN
MAX
SUM
VAR16

-18.069
-0.355
-1.227
-0.004
14.051

-22.059
-0.465
-1.292
0.001
14.470

-25.056
0.174
-1.192
-0.003
14.475

-22.345
0.940
-0.339
-0.004
8.642

Coniferous

Constant
MEAN
MAX
SUM
VAR4
VAR8

-14.534
-2.080
3.096
-0.001
5.862
-7.378

-30.602
1.246
2.344
-0.003
2.455
-2.685

-49.783
1.862
2.708
-0.005
6.709
1.554

-41.948
0.230
3.684
-0.004
6.878
-6.322

Table 4.5 Predicted results from the coniferous forest age DA (actual rows vs. predicted columns).
Actual Age

<10 yr

Predicted age class
30 yr
50 yr
>70 yr

Totals

<10 yr
30 yr
50 yr
>70 yr

1
0
0
0

0
4
1
0

0
1
8
3

0
0
0
5

1
5
9
8

Totals

1

5

12

5

23

Table 4.6 Predicted results from the deciduous forest age DA (actual rows vs. predicted columns).
Actual Age

<10 yr

Predicted age class
30 yr
50 yr
>70 yr

Totals

<10 yr
30 yr
50 yr
>70 yr

12
3
2
0

2
20
4
2

0
0
2
0

0
0
1
6

14
23
9
8

Totals

17

28

2

7

54
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4.4.3. Accuracy of classification tool
The riparian forest classification tool was highly successful at identifying the
correct forest type and moderately successful at identifying the correct forest age. Most
riparian areas were classified as coniferous and in the oldest age category; the
classification tool did not identify any deciduous forest younger than 70 years (Table
4.7). Over 10,000 cells were classified within the riparian buffer of the Lee River;
however, we distinguished only 35 areas of contiguous forest of the same type and age
(Figure 4.4). Of these 35 areas, only 3 were misclassified in terms of forest type (i.e.
81% correctly classified) and 14 areas were misclassified into the wrong age class (i.e.
60% correctly classified).
Table 4.7 Results of classification of Lee River riparian buffer.
Misclassifications

Classification
Deciduous and >70 yr
Conifer and < 10 yr
Conifer and 30 yr
Conifer and 50 yr
Conifer and > 70 yr
Totals

Number
of cells
85
11
347
3818
6562

Number of
contiguous
areas
3
0
3
10
19

Number
of areas
by forest
type
0
na
0
1
2

Percent
by forest
type
0%
na
0%
10%
11%

Number
of areas
by forest
age
0
na
2
7
5

Percent by
forest age
0%
na
67%
70%
26%

10823

35

3

9%

14

40%

4.5. Discussion
4.5.1. Spatial patterns of LiDAR data in forests
The extent and nature of the spatial autocorrelation of the forest heights derived
from LiDAR data were markedly different in three separate forest regions near Potash
Brook. Differences between coniferous and deciduous forest displayed by the semi-
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Figure 4.4 Lee River buffer classification.

variograms were most likely due to the LiDAR having been collected during the leafoff period. Because leaves were absent in the deciduous forest areas, the LiDAR first
returns likely represented the heights of branches and understory vegetation that may
have been more obscured in the coniferous forest areas. Mature coniferous and
deciduous forest areas both exhibited alternating strong and weak spatial
autocorrelation within a short lag distance, and this characteristic likely arises due to
the spacing around individual tree crowns within the canopy. The zigzag nature may
show where LiDAR first returns were: 1) highly correlated within the same tree; 2) less
correlated just beyond the individual tree crown because of returns from the ground
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surface or the understory; and 3) highly correlated beyond the space between tree
crowns (i.e. showing correlation between adjacent tree crowns).
Young deciduous forest compared to the mature forest areas appeared more
homogenous in the semivariogram analysis. Our findings suggest that both the range
distance and the sill value of semivariance may increase with the age of the forest, and
this concurs with other studies. Song and Woodcock (2002) explored spatial patterns of
high-resolution imagery for young (i.e. 17 years), mature (i.e. 40 years), and old-growth
(i.e. 250+ years) stands in the Cascade Range of Oregon. The old-growth forest had a
range of approximately 15 m, while the mature and young forests had ranges less than
10 m and less than 5 m, respectively (Song and Woodcock, 2002). The old-growth and
mature forest stands had sill values of semivariance that were, respectively, six and
three times as great as the sill value of the young forest (Song and Woodcock, 2002). In
addition, a study using LiDAR in a tropical rainforest found that the standard deviation
of canopy surface heights in old-growth forest was greater than secondary forest, but
selectively-logged forest areas had even greater variation (Clark et al., 2004).
4.5.2. Assessment of LiDAR-based classification
Our results demonstrated the powerful utility of remotely-sensed LiDAR data in
predicting broad classes of both forest type and forest age. The LiDAR data available
for Chittenden County presented limitations because of the manner in which the data
were collected with large post-spacings, during the leaf-off period, and with only 2
returns (bare earth and reflective surface). Despite these limitations, we were able to
accurately determine coniferous and deciduous forest types and distinguish age classes
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with moderate success. Other research efforts have equally demonstrated the utility of
LiDAR data for similar classification tasks. One study in West Virginia found that a
linear DA of LiDAR indices from individual leaf-off deciduous trees performed a
classification of simple tree species with an accuracy of 60% with cross-validation
(Brandtberg et al., 2003). Another study with similarly large post-spacings (≥ 2 m) was
able to distinguish between single-story and multistory forest structure of coniferous
forests in central Idaho (Zimble et al., 2003). Although tangentially related, Boutet and
Weishampel (2003) found distinct differences in the spatial patterns of LiDAR data
before and after a hurricane in a mixed coniferous-deciduous forest in North Carolina.
Another study of forest recovery following a logging disturbance found that mean
canopy height derived from LiDAR increased exponentially with 2 to 20 years since
the disturbance (Lefsky et al., 2005).
With 40% of the riparian forest areas misclassified by age, our classification
tool falls short of providing a robust method and is beset with some inherent problems.
The riparian forests of Lee River and its tributaries display many discontinuities that
complicate the classification. Riparian trees often formed a narrow band along the
streambanks, much smaller than the 16 m window size required by several metrics (e.g.
MEAN, MAX, SUM, VAR16), and therefore the extent of the classification tool was
limited (Figure 4.4). Discontinuities in tree heights are inherent to riparian areas due to
the stream, exposed bars, and steep streambanks. Abrupt elevation changes in riparian
areas may not be accurately represented by the bare earth DEM, causing inaccuracies in
tree heights (Brandtberg et al., 2003). Additionally, forests in Vermont and elsewhere
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have a complicated disturbance history involving logging, thinning, and other
anthropogenic influences. Classification tools based on the spatial structure of first
returns of LiDAR data would likely function best in forests that have re-generated from
open land passively without subsequent man-made disturbances. For example, one area
was judged to be misclassified into the 50 yr class, because forest was present in the
1937 aerial photograph; however, the 1962 aerial photograph clearly showed that this
area had been thinned or selectively logged.
4.5.3. Future work
The original goal of this research effort was to provide a site selection tool to
identify stream reaches having riparian forest with various ages as part of a larger study
on the effects of riparian reforestation on channel morphology (McBride et al., 2007;
McBride et al., 2005). Results from a case study have shown that reforested reaches
appear to have widened in response to the regrowth of woody riparian vegetation
(McBride et al., 2005). Ideally, the classification tool will identify stream reaches of
various ages of riparian forest throughout Chittenden County allowing testing of
relationships between riparian forest age and channel size at an expanded geographic
scope. Unfortunately, the Chittenden County bare earth DEM derived from LiDAR was
not resolute enough to provide channel dimensions of small streams, thus restricting
our ability to test for relationships between channel size and riparian forest age solely
using remotely-sensed data. A future field survey of stream reaches selected with the
classification tool could provide the necessary channel widths and depths to test for the
geomorphic effects of riparian reforestation.
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The classification tool presented here may provide an initial starting point for
future riparian buffer analysis, when and if subsequent LiDAR sorties are completed.
Change analysis would be possible using two or more LiDAR datasets from different
years, where one could likely identify riparian forest growth, management, and
harvesting. LiDAR data may eventually fulfill the need to not only map riparian
vegetation, but monitor vegetation changes, target restoration activities, and assess the
success of implemented management actions (Goetz, 2006).
4.6. Conclusion
This paper describes an effort to identify riparian forest areas, to distinguish
between deciduous and coniferous forest types, and to estimate broad forest age classes,
solely from remotely-sensed LiDAR data. With the recent advance of LiDAR data, the
applications for monitoring and describing riparian zones continue to grow (Goetz,
2006). Current and future capabilities of LiDAR data will be dependent on
characteristics such as the spacing of returns, the number of returns, the availability of
laser intensity information, and the frequency of LiDAR sorties (Goetz, 2006).
Although the LiDAR data available for Chittenden County had significant limitations
for describing vegetation, with only two returns (ground and reflective surface), with
large post-spacings, and with the leaf-off time period, our results provided a compelling
demonstration of LiDAR’s utility.
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CHAPTER 5: SUMMARY
To conclude and integrate the findings of this investigation, the original four
hypotheses regarding riparian reforestation and channel morphology in small streams
were revisited. The conclusions of this study were strengthened by the multi-faceted
approach that coupled several field-based efforts, a controlled laboratory-based flume
experiment, and remotely-sensed LiDAR data to explore riparian reforestation effects
at a landscape scale. As a means of conclusion, a section on future work is provided to
suggest how this field of research might continue and advance.
5.1. Overall conclusions
Hypothesis 1: Reforestation of formerly non-forested riparian zones in small streams
results in channel widening.
Reforested reaches of W12 in the Sleepers River Research Watershed were
shown to have widened by a comparison of measurements collected in 1966 and in
2004 – 2005 (Chapter 2). Although all reaches, including forested and non-forested,
were wider, the change in width of reforested reaches was significantly greater than the
other reaches. Similar to many other studies of small streams, we found that nonforested reaches were considerably narrower than forested and reforested reaches,
while reforested reaches were not as wide as reaches with older riparian forest (i.e.
greater than 40 years old). Although the length and design of our study were not
suitable for determining a cause and effect relationship between riparian reforestation
and channel widening, our study of channel change over time is a valuable addition to
previous research that has primarily relied upon a space-for-time substitution.
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Hypothesis 2: Turbulence generation from streamside trees and LWD locally widen
small forested stream reaches.
Results from the flume experiment showed that turbulence generation during
overbank flow events may be exacerbated when forested riparian vegetation is
introduced (Chapter 3). Because enhanced turbulence along the bank interface creates
instantaneous forces much greater than time-averaged values, boundary shear stresses
capable of entraining and transporting sediment are amplified. In reforested reaches of
W12, widening did not appear to be strongly associated with either scour around LWD
nor bank weakness due to the suppression of grassy bank vegetation; however,
reforested reaches were more incised, perhaps due to increased turbulence (Chapter 2).
Consequently, we developed a conceptual model describing a process of incision,
widening, and recovery, primarily instigated by a change in stream hydraulics.
Observations from the flume experiment and field surveys confirm that the hydraulics
of overbank flows (i.e. near-bank turbulence) is a potentially important driving
mechanism for channel widening and should be added to the set of plausible theories
concerning morphologic differences between forested and non-forested reaches of
small streams.
Hypothesis 3: The rate of channel widening in small streams is not constant through
time and is directly related to the age of the riparian forest.
I was unable to assess the rate of channel widening as originally proposed due
to field conditions and the outcome of the LiDAR analysis; however, field observations
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did provide insight into the timescales of channel widening (Chapter 2). All reforested
reaches of W12 had roughly the same age forest (based on interpretation of aerial
photographs), and a few other reaches with younger riparian forests were necessarily
excluded from this study because of compromising characteristics (i.e. active logging,
human disturbance, or cattle access). The LiDAR analysis was able to discern riparian
forests of different age classes in Chittenden County (Chapter 4) but was not adequate
for reproducing channel dimensions with sufficient accuracy (Appendix D). As a result,
I could not test for differences in channel width among reaches with different forest
ages at a landscape scale. At Sleepers River, the timescale of channel widening appears
to be on the order of a century, as reforested reaches with 40-year-old forest do not
appear to have reached equilibrium (Chapter 2). Visual observations, cross-sectional
surveys, and LWD characteristics indicate that reforested reaches continue to change in
response to riparian reforestation.
Hypothesis 4: The size and frequency of bankfull discharges are equivalent in
contiguous reaches with forested or non-forested riparian vegetation.
I was unable to fully investigate the size and frequency of bankfull discharges at
W12 because our flow gages were in disrepair during the 2004 and 2005 field seasons.
Crest gages installed at two reaches in W12 demonstrated that the frequency of the
bankfull discharge may be different in forested and non-forested reaches (Appendix A).
More information and simultaneous flow gaging at contiguous reaches would be
necessary to reject the hypothesis of equivalent bankfull discharges.
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5.2. Future work
Construction of the conceptual model (Chapter 2) on channel adjustment
following riparian reforestation could help to structure future research efforts. Ideally, a
next step would be to monitor stream reaches that have recently reforested or have been
planted as a restoration effort over a continuous and lengthy time period. A more
plausible research strategy might be to conduct a field investigation with a broader
geographic scope where stream reaches with riparian forests of various ages could be
monitored over a shorter time span, using a space-for-time substitution. With either
option, the LiDAR classification tool described in Chapter 4 could identify possible
study reaches in Chittenden County or possibly elsewhere (e.g. in regions with airborne
LiDAR). Essentially the conceptual model of incision-widening-recovery needs to be
tested to determine whether it is widely applicable or site specific to W12. A critical
piece of that testing should include whether the experimental flume results on nearbank turbulence (Chapter 3) are valid in real streams and whether turbulence during
overbank flows is a key driving mechanism for incision and widening.
Additional flume experimentation might be an advantageous component of
future work. Flume experiments can circumvent some of the limitations of field-based
work, and are superior for simulating and monitoring the effects of flooding, for
collecting data with high density and precision, for accelerating timescales, and for
providing a generalized perspective. Some potential avenues for future flume work
include repeat experiments: 1) using the set-up and procedure of Chapter 3 but with
instrumentation capable of more robust data collection; 2) using a convertible fixed bed
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model that could increase channel width to test for changes in near-bank turbulence
with widening; 3) using erodible bed and banks to test for the channel’s morphologic
response to the near-bank turbulence.
Another key component of future research efforts on this type of channel
response would be to continuously monitor a stream’s sediment and discharge regimes.
There may be distinct differences in the sediment transport and inundation frequency in
reaches with different types of vegetation or in reaches at different stages along the
reforestation timeline. Further research is needed to determine the effects of riparian
reforestation to downstream sediment delivery. We suspect that although reforested
reaches may widen during a transitional period of a yet undetermined duration,
reforested reaches will reach a dynamic equilibrium where sediment delivery, transport,
and storage are relatively balanced. Continuous and simultaneous monitoring of both
sediment and discharge regimes could reveal which flow or flows are effective or
channel-forming, and whether non-forested and forested reaches respond similarly to
the same discharge regime. Undoubtedly, investigations are needed to determine the
effects of riparian reforestation to sediment transport, habitat complexity, and
ecosystem structure and function.
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APPENDIX A: CREST GAGE MONITORING OF W12

Four crest gages (Figure A.1) were installed at riffle features in two reaches in
W12, reach NF1 and reach R1. Reach NF1 is approximately 300 m downstream from
reach R1, and no tributaries empty into W12 between the reaches. Velocities were
measured with a Marsh McBirney flow meter at both reaches during base flow on
October 8, 2004 and during the falling limb of a peak-flow event on June 1, 2005. The
crest gages were constructed from 1.2 m rebar and cloth Velcro strips that were
attached with zip ties. The rebar pieces were driven into the stream bed along the bank
edge until they were secure. The cloth Velcro strips recorded peak-flow events by
collecting sediment and small debris up to the elevation of the maximum stage of the
flow. Velcro strips were cleaned between peak-flow events. We were able to document
9 peak-flow events between the summer of 2004 and the summer of 2005. Peak stage
elevations were surveyed using a laser level and stadia rod with a receiver. Several
nearby rebar stakes from permanent cross-sectional surveys served as benchmarks to a
relative datum. We surveyed the cross-sections at all 4 crest gage locations in the
summer of 2004, and again in 2005 (See Appendix B). We were unable to document
the highest annual flows during spring melt in April 2005 because the crest gages in the
reach R1 were overtopped. Overtopping in reach R1 was due to multiple layers of ice
remaining in the channel, thereby decreasing the capacity of the channel.
Contained within this appendix are the results from 9 peak-flow events recorded
at W12. Discharge was greater at reach NF1 than R1 for both measured events because
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NF1 is located downstream from R1; however, the difference between the flows at the
two reaches was less than 6% for the base flow and less than 12% for the peak-flow.
All peak-flows measured occurred within the bankfull channel. For most peak-flow
events, the average cross-sectional area occupied by the flow was similar for the nonforested and reforested reaches (Figure A.6). Because both reaches conveyed a similar
discharge within a similar cross-sectional area, we can assume that the average
velocities were also similar for the two reaches by the principle of continuity. One of
the largest peak-flows observed occupied more channel area in reach R1, suggesting
that velocities were greater in reach NF1 for that flow event. Given that the bankfull
cross-sectional areas are smaller in the non-forested reaches of W12, it follows that the
observed peak-flows occupied a greater proportion of the bankfull channel than the
forested reaches. When the proportions for the non-forested reach were plotted against
the proportions for the forested reach, all 9 flow events plotted above the 1:1 line
(Figure A.7). Although we did not capture any bankfull events, results demonstrated
that the frequency of bankfull events may be greater in non-forested reaches.
Figure A.1 Crest gage at reach NF1
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Table A.1 R1 Upstream Crest Gage

Event
1
2
3
4
5
6
7
8
9

Maximum
water
surface
elevation
(m)
98.02
98.13
98.08
98.17
98.18
98.06
98.01
98.12
98.00

Crosssectional
area of flow
(m2)
0.06
0.34
0.22
0.44
0.46
0.16
0.05
0.31
0.03

Wetted
width
(m)
2.25
2.47
2.38
2.50
2.50
2.33
1.99
2.44
1.59

Average
flow depth
(m)
0.03
0.14
0.09
0.18
0.18
0.07
0.02
0.13
0.02

Bankfull
crosssectional
area (m2)
1.25
1.25
1.25
1.25
1.25
1.25
1.25
1.25
1.25

Percentage
of bankfull
channel
(%)
5
27
18
35
36
13
4
24
3

Figure A.2 Cross-sectional survey with bankfull elevation shown
R1 gage - upstream
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Table A.2 R1 Downstream Crest Gage
Maximum
water
surface
elevation
(m)
97.66
97.81
97.75
97.85
97.84
97.69
97.65
97.80
97.68

Event
1
2
3
4
5
6
7
8
9

Crosssectional
area of flow
(m2)
0.06
0.39
0.24
0.47
0.45
0.10
0.05
0.36
0.09

Wetted
width
(m)
1.00
2.46
2.49
2.43
2.45
1.46
0.97
2.46
1.36

Average
flow depth
(m)
0.06
0.16
0.10
0.19
0.19
0.07
0.06
0.15
0.07

Bankfull
crosssectional
area (m2)
0.64
0.64
0.64
0.64
0.64
0.64
0.64
0.64
0.64

Percentage
of bankfull
channel
(%)
10
61
38
73
71
16
8
56
14

Figure A.3 Cross-sectional survey with bankfull elevation shown
R1 gage - downstream
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Table A.3 NF1 Upstream Gage
Maximum
water
surface
elevation
(m)
97.94
98.16
98.06
98.23
98.12
98.00
97.92
98.18
97.98

Event
1
2
3
4
5
6
7
8
9

Crosssectional
area of flow
(m2)
0.03
0.30
0.16
0.41
0.24
0.09
0.02
0.32
0.07

Wetted
width
(m)
0.75
1.47
1.24
2.30
1.38
1.08
0.63
1.52
1.02

Average
flow depth
(m)
0.04
0.20
0.13
0.18
0.17
0.08
0.03
0.21
0.07

Bankfull
crosssectional
area (m2)
0.35
0.35
0.35
0.35
0.35
0.35
0.35
0.35
0.35

Percentage
of bankfull
channel
(%)
8
85
46
117
69
26
6
93
19

Figure A.4 Cross-sectional survey with bankfull elevation shown
NF1 gage - upstream
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Table A.4 NF1 Downstream Gage
Maximum
water
surface
elevation
(m)
97.94
97.81
97.73
97.88
97.79
97.68
97.63
97.87
97.68

Event
1
2
3
4
5
6
7
8
9

Crosssectional
area of flow
(m2)
0.07
0.26
0.18
0.35
0.24
0.12
0.06
0.34
0.12

Wetted
width
(m)
1.05
1.10
1.10
1.24
1.10
1.16
1.04
1.20
1.17

Average
flow depth
(m)
0.07
0.24
0.16
0.28
0.22
0.11
0.06
0.28
0.10

Bankfull
crosssectional
area (m2)
0.48
0.48
0.48
0.48
0.48
0.48
0.48
0.48
0.48

Percentage
of bankfull
channel
(%)
14
54
37
73
51
26
13
70
25

Figure A.5 Cross-sectional survey with bankfull elevation shown
NF1 gage - downstream
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Table A.5 Averaged Crest Gage Results
Non-forested
Mean crossMean percentage
sectional area
of bankfull
of flow (m2)
channel (%)
0.05
11%
0.28
70%
0.17
42%
0.38
95%
0.24
60%
0.11
26%
0.04
9%
0.33
82%
0.09
22%

Figure A.6
Cross-sectional area
0.50

0.40
Non-forested (m 2)

Event
1
2
3
4
5
6
7
8
9

Reforested
Mean crossMean percentage
sectional area
of bankfull
of flow (m2)
channel (%)
0.06
7%
0.37
44%
0.23
28%
0.46
54%
0.46
54%
0.13
14%
0.05
6%
0.33
40%
0.06
8%
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APPENDIX B: PERMANENT CROSS-SECTIONS OF W12 AND UPPER POPE
BROOK

Within the 9 detailed reaches, we established permanent cross-sections in the
summer of 2004 to monitor channel change and widening over time. We set up 3 to 5
cross-sections per reach. One cross-section per reach was positioned at a riffle feature
to provide baseline channel dimensions for the reach (see Chapter 2). Other crosssections were selected at specific locations where we expected to observe channel
change, such as meander bends, possible avulsion sites, and near debris dams.
Permanent cross-sections were benchmarked with 1.2 m rebar stakes driven into the
floodplain to serve as the endpoints for the cross-sections. All cross-sections were
resurveyed in the summer of 2005. The rebar benchmark pins were located with GPS.
Channel dimensions from the cross-sections at the riffle features were described
in Chapter 2; however, all other cross-section survey results from 2004 and 2005 are
included in this appendix. Cross-section resurveys completed in 2005 did not show any
substantial change in any of the reaches. Minor differences in channel dimensions
between 2004 and 2005 were more likely a result of measurement error than true
channel modifications.

163

Reach
F1
F1
F1
F1
F1
F1
F1
F1
F2
F2
F2
F2
F2
F2
F3
F3
F3
F3
F3
F3
F3
NF1
NF1
NF1
NF1
NF2
NF2
NF2
NF2
NF2
NF2
RF1
RF1
RF1
RF1
RF1
RF1
RF1
RF1

XS
1
1
2
2
3
3
4
4
1
1
2
2
3
3
1
1
2
2
3
4
4
1
1
2
2
1
1
2
2
3
3
1
1
2
2
3
3
4
4

Pin
LPIN
RPIN
LPIN
RPIN
LPIN
RPIN
LPIN
RPIN
LPIN
RPIN
LPIN
RPIN
LPIN
RPIN
LPIN
RPIN
LPIN
RPIN
RPIN
LPIN
RPIN
LPIN
RPIN
LPIN
RPIN
LPIN
RPIN
LPIN
RPIN
LPIN
RPIN
LPIN
RPIN
LPIN
RPIN
LPIN
RPIN
LPIN
RPIN

Latitude*
44 o 27
44 o 27
44 o 27
44 o 27
44 o 27
44 o 27
44 o 27
44 o 27
44 o 29
44 o 29
44 o 29
44 o 29
44 o 29
44 o 29
44 o 29
44 o 29
44 o 29
44 o 29
44 o 29
44 o 29
44 o 29
44 o 27
44 o 27
44 o 27
44 o 27
44 o 28
44 o 28
44 o 28
44 o 28
44 o 28
44 o 28
44 o 27
44 o 27
44 o 27
44 o 27
44 o 27
44 o 27
44 o 27
44 o 27

'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'

23
23
22
22
22
22
22
22
25
25
24
24
23
23
21
21
20
20
20
20
20
8
8
8
7
1
1
1
1
1
1
16
16
16
16
16
16
16
16

164

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

5
2
8
6
6
3
4
3
2
5
4
3
7
8
0
0
6
5
5
4
7
6
7
0
9
6
4
6
4
0
1
8
5
6
5
5
5
7
4

Longitude
72 o 4
72 o 4
72 o 4
72 o 4
72 o 4
72 o 4
72 o 4
72 o 4
72 o 9
72 o 9
72 o 9
72 o 9
72 o 9
72 o 9
72 o 9
72 o 9
72 o 9
72 o 9
72 o 9
72 o 9
72 o 9
72 o 4
72 o 4
72 o 4
72 o 4
72 o 4
72 o 4
72 o 4
72 o 4
72 o 4
72 o 4
72 o 4
72 o 4
72 o 4
72 o 4
72 o 4
72 o 4
72 o 4
72 o 4

'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'

18
18
18
18
18
18
17
17
41
71
41
41
41
41
40
41
40
41
41
40
40
6
6
5
5
52
53
52
52
52
52
14
14
13
14
13
14
13
13

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

9
9
2
5
0
2
9
9
3
9
3
8
2
8
8
4
9
1
3
9
9
3
8
2
7
6
0
2
7
5
0
0
3
9
3
9
3
1
6

Reach
RF1
RF1
RF2
RF2
RF2
RF2
RF2
RF2
RF3
RF4
RF4
RF4
RF4
*WGS 1984

XS
5
5
1
1
2
2
3
3
NA
1
1
3
3

Pin
LPIN
RPIN
LPIN
RPIN
LPIN
RPIN
LPIN
RPIN
TOP
LPIN
RPIN
LPIN
RPIN

Latitude*
44 o 27
44 o 27
44 o 27
44 o 27
44 o 27
44 o 27
44 o 27
44 o 27
44 o 27
44 o 28
44 o 28
44 o 28
44 o 28

'
'
'
'
'
'
'
'
'
'
'
'
'

16
16
18
18
17
17
17
17
31
1
0
0
0

165

.
.
.
.
.
.
.
.
.
.
.
.
.

4
4
0
0
7
4
6
4
2
1
9
5
6

Longitude
72 o 4
72 o 4
72 o 4
72 o 4
72 o 4
72 o 4
72 o 4
72 o 4
72 o 4
72 o 4
72 o 4
72 o 4
72 o 4

'
'
'
'
'
'
'
'
'
'
'
'
'

13
13
14
15
14
14
14
14
22
51
51
51
51

.
.
.
.
.
.
.
.
.
.
.
.
.

0
6
8
8
5
5
2
5
5
6
8
5
7

NF1 Cross-section 1

Elevation (m)

99.5
99
98.5
98
97.5
97
0

2

4

6

8

10

12

14

Width (m)

NF1 Cross-section 2
98.5
Elevation (m)

98
97.5
97
96.5
96
95.5
0

2

4

6

8

10

Width (m)
2004

166

bkf

2005

12

14

16

NF2 Cross-section 1

Elevation (m)

99
98.5
98
97.5
97
0

3

6

9

12

15

Distance (m)
NF2 Cross-sections 3 & 4

Elevation (m)

98.5
98
97.5
97
96.5
96
0

2

4

6

8

10

Distance (m)
2004

167

bkf

2005

12

14

RF1 Cross-section 1

Elevation (m)

99
98.5
98
97.5
97
0

3

6

9

12

15

Distance (m)
RF1 Cross-section 2

Elevation (m)

99
98.5
98
97.5
97
96.5
0

2

4

6

8

10

Distance (m)
2004

168

bkf

2005

12

14

RF1 Cross-section 3

Elevation (m)

99
98.5
98
97.5
97
0

2

4

6

8

10

12

Distance (m)

RF1 Cross-section 4

Elevation (m)

99.5
99
98.5
98
97.5
97
2

3

4

5

6

7

8

9

Distance (m)
2004

169

bkf

2005

10

11

12

13

RF1 Cross-section 5
99

Elevation (m)

98.5
98
97.5
97
96.5
0

2

4

6

8

10

12

14

Distance (m)

RF2 Cross-section 1
Elevation (m)

99
98.5
98
97.5
97
0

3

6

9

12

15

Distance (m)
2004

170

bkf

2005

18

21

24

27

RF2 Cross-section 2

Elevation (m)

99.5
99
98.5
98
97.5
97
0

1

2

3

4

5

6

7

8

9

Distance (m)
RF2 Cross-section 3

Elevation (m)

99.5
99
98.5
98
97.5
97
0

2

4

6

8

Distance (m)
2004

171

bkf

2005

10

12

RF2 Cross-section 4

Elevation (m)

99
98.5
98
97.5
97
0

1

2

3

4

5

6

7

8

9

10

Distance (m)
RF3 Cross-section 1

Elevation (m)

99.5
99
98.5
98
97.5
0

3

6

9
Distance (m)

2004

172

bkf

2005

12

15

RF3 Cross-section 2

Elevation (m)

99
98.5
98
97.5
97
0

2

4

6

8

10

12

8

10

12

Distance (m)
RF3 Cross-section 3

Elevation (m)

99
98.5
98
97.5
97
0

2

4

6
Distance (m)
2004

173

bkf

2005

RF4 Cross-section 1

Elevation (m)

99.5
99
98.5
98
97.5
0

3

6

9

12

15

Distance (m)
RF4 Cross-section 2

Elevation (m)

99.5
99
98.5
98
97.5
97
0

1

2

3

4

5

6

Distance (m)
2004

174

bkf

2005

7

8

9

RF4 Cross-section 3

Elevation (m)

98.5
98
97.5
97
96.5
0

1

2

3

4

5

6

7

8

9

10

Distance (m)

F1 Cross-section 1

Elevation (m)

99
98.5
98
97.5
97
0

3

6

9
Distance (m)

2004

175

bkf

2005

12

15

F1 Cross-section 2

Elevation (m)

99.5
99
98.5
98
97.5
0

2

4

6

8

10

12

14

8

10

12

14

Distance (m)
F1 Cross-section 3

Elevation (m)

99.5
99
98.5
98
97.5
0

2

4

6
Distance (m)
2004

176

bkf

2005

F1 Cross-section 4

Elevation (m)

99
98.5
98
97.5
97
0

2

4

6

8

10

12

Distance (m)
F2 Cross-section 1

Elevation (m)

101.5
101
100.5
100
99.5
99
0

3

6

9
Distance (m)

2004

177

bkf

2005

12

15

F2 Cross-section 2
100

Elevation (m)

99.5
99
98.5
98
97.5
0

2

4

6

8

10

12

14

16

Distance (m)

F3 Cross-section 1

Elevation (m)

99

98.5

98

97.5
0

3

6

9
Distance (m)

2004

178

bkf

2005

12

15

F3 Cross-section 1

Elevation (m)

99

98.5

98

97.5
0

3

6

9

12

15

Distance (m)
F3 Cross-section 2

Elevation (m)

99

98.5

98

97.5
0

2

4

6

8

Distance (m)
2004

179

bkf

2005

10

12

F3 Cross-section 3

Elevation (m)

99.5
99
98.5
98
97.5
97
0

2

4

6

8

10

12

8

10

12

Distance (m)

F3 Cross-section 4

Elevation (m)

99

98.5

98

97.5
0

2

4

6
Distance (m)
2004

180

bkf

2005

APPENDIX C: GIS PROCEDURE FOR BUFFER CLASSIFICATION
1.
2.
3.
4.
5.

Create 30 m buffer around stream(s) using buffer tool.
Select all bare earth (BE) points within 20 m of buffer regions.
Select all reflective surface (RS) points within 20 m of buffer regions.
Create shapefile(s) of both BE and RS selected data points.
If working with multiple tiles of LiDAR data, combine BE and RS data points
into single shapefiles (respectively) using the Append Tool in ArcToolbox.
6. Join BE points to RS points using the point-to-point option, where to each RS
point is added the data associated with the closest BE point.
7. Create a new field in the joined shapefile attribute table called Height. Calculate
heights for each RS data point as the RS elevation minus the BE elevation.
8. Create a grid of mean heights using neighborhood statistics with a 2 m cell size,
and a circular neighborhood of 3 m.
9. Reclassify the 2 m mean heights grid into a forest/non-forest grid, where all cells
greater than 1 m were forest (value = 1) and less than 1 m were non-forest (value
= 0).
10. To determine regions of riparian forest of adequate size to calculate the LiDARbased metrics, use neighborhood statistics to take the sum of the forest/non-forest
grid within a 16 m circular window.
11. Reclassify the summed grid of forest/non-forest such that the maximum value
(797) becomes a value of 1 and all other cells become NoData (e.g. null).
12. Calculate LiDAR metrics using point statistics and a circular neighborhood on the
joined RS-BE shapefile:
a. MEAN = mean value of heights (radius = 16 m)
b. MAX = maximum height value (radius = 16 m)
c. SUM = sum of all height values (radius = 16 m)
d. VAR2 = square of the standard deviation of heights (radius = 2 m)
e. VAR4 = square of the standard deviation of heights (radius = 4 m)
f. VAR8 = square of the standard deviation of heights (radius = 8 m)
g. VAR16 = square of the standard deviation of heights (radius = 16 m)
13. Using the Raster Calculator, create two grids (L_con and L_dec) using the conifer
and deciduous discriminant functions and using the reclassed grid from step 11 as
an analysis mask. See Equations 1 and 2 in Chapter 4.
14. Using the Raster Calculator, subtract grid L_dec from L_con.
15. From this calculation, create two grids: 1) coniferous forest (where the calculation
resulted in a positive value) and 2) deciduous forest (where the calculation
resulted in a negative value).
16. Using the Raster Calculator and the linear discriminant functions for forest age,
create 8 grids of each forest type and forest age (e.g., L_con10, L_dec10,
L_con30, etc.). Coefficients for the linear discriminant functions are provided in
Chapter 4, but all grid calculations had a form similar to the following:
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a.

Lcon _ 70 = 0.230 × MEAN + 3.684 × MAX − 0.004 × SUM + 6.878 × VAR 4
− 6.322 × VAR8 − 41.948

17. Each grid cell can be classified by forest age by taking the highest value of the 4
forest age grids for each forest type. To find the highest value of all 4 grids, use
the Highest Position tool in ArcToolbox. Use the Highest Position tool for the set
of deciduous grids and the set of coniferous grids.
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APPENDIX D: LIDAR-BASED CROSS-SECTIONS OF POTASH BROOK

In general, LiDAR data has the potential to provide remotely-sensed, detailed
topography that might be able to replace ground-based surveys of channel dimensions
and physical stream features. I explored this potential capability using the Chittenden
County 2004 LiDAR data to determine bankfull channel widths by comparing groundbased cross-sectional surveys with LiDAR-derived cross-sections. Three types of
LiDAR-derived cross-sections were developed by extracting profiles from: 1) the 3.2 m
spaced bare earth digital elevation model (DEM); 2) a ground surface estimated using
the method of ordinary kriging and bare earth elevations; and 3) a ground surface
estimated using the method of co-kriging and both bare earth and first return data.
LiDAR-derived cross-sections were created at permanent cross-section locations in
Potash Brook. These cross-sections were surveyed in 2003 and endpoints were
recorded with GPS (Cianfrani, 2005).
None of the LiDAR-derived cross-sections were successful in capturing
sufficient topographic detail to provide accurate channel dimensions. The crosssections estimated with the kriging methods roughly matched the surveyed crosssections in shape and form but were not able to show the abrupt elevation changes at
the streambanks. Two sets of cross-section plots shown below demonstrate these
qualities.
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Potash Brook Permanent Riffle Cross-section
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